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ABSTRACT

This dissertation defines an important role for uncertainty analysis in the adoption
and implementation of improved fire protection regulations, both prescriptive and
performance. It makes specific contributions to each of fifteen stakeholder groups

who play a role in the conception, design, use, and maintenance of a building.

This dissertation promotes an understanding of the nature and sources of
uncertainty, develops a common language among fire-safety professionals, and
facilitates stakeholder discussions. Seven barriers to determining and
documenting a level of fire safety for a given project are identified and the
potential for switchover in the acceptability of a design is demonstrated. A
taxonomy is created that is useful as a aid in understanding, identifying, and
investigating uncertainties as a function of the steps in a fire safety-engineering

calculation.

A generic methodology for the treatment of uncertainty in fire-safety engineering
calculations is proposed. This methodology structures and quantifies many
aspects of good engineering and policy analysis as applied to fire-safety
engineering. The process developed is iterative and shows where effort should
be made to treat complexity and where best-guess or average numbers can be
used. Modifications to the current performance-based design process are

suggested to provide for integration of uncertainty analysis.
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Presentation of a case study shows the importance of a model that properly
incorporates uncertainty over a traditional deterministic model. A model that
handles the critical uncertainties is even more important as policymakeré move
toward a performance-based design context. Results of the case study provide
insights useful for selecting design criteria, improving code language, and
establishing research programs to support performance-based fire safety designs

that ensure fire-safe buildings.

Through an evaluation of the cost-effectiveness of mandating residential fire
sprinklers, this dissertation also demonstrates the value of properly incorporating
variability and uncertainty in a cost-effectiveness and benefit-cost decision-
making context. For the residential sprinkler problem, this was accomplished by
discretizing national average values of fire statistics and costs by area of the
country, community size, house type, and house age. This study shows that
mandating residential fire sprinklers in new mobile homes can be cost-effective

when compared to other residential life-saving options.
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1. Introduction

This dissertation defines an important role for uncertainty analysis in the adoption
and implementation of improved fire protection regulations. Fire poses a
significant societal risk and extracts a high cost. In an effort to reduce lives lost
due to unwanted fires, many municipalities are passing legislation mandating the
installation of residential fire sprinklers. Concurrently, in an effort to reduce the
cost of providing for fire safe building construction, to stimulate innovation, and to
increase design flexibility, many of the building and fire protection regulations
around the world are being transformed from prescriptive-based regulations to
performance-based regulations. However, implementation of any form of
performance-based standards will require many decisions to be made. These
decisions will be more difficult, more complex, and more uncertain than under a
prescriptive-based code. Proper implementation of performance-based
regulations for building fire safety requires a known confidence level in our ability
to simulate fire in a building. The role of uncertainty analysis in the adoption and
implementation of improved fire protection regulations is to address uncertainty in
the application of our tools, direct cur research and modeling efforts, guide code
~ development, and facilitate cooperation among stakeholders by increasing the

overall understanding of risks and costs.
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1.1 Overview of the U.S. Fire Problem

1.1.1 Societal Risk and Cost

Fire poses a significant societal risk in the U.S. compared to other accidents and
natural disasters. The civilian fire death toll for the period of 1989 to 1993
averaged 4,887 deaths/year. [Hall, 1996] In addition, firefighter deaths averaged
approximately 100 deathsf/year. Fires are one of the leading causes of
accidental deaths, behind only vehicle accidents, falls, poisonings, and drowning.
[National Safety Council, 1992 Edition] Each year, deaths from fire exceed the
sum total of deaths from all natural disasters by an order of magnitude. Deaths
from all natural disasters combined - floods, lightning, earthquakes, tornadoes,
hurricanes, blizzards, and other storms total approximately 400 deaths/year.
[National Safety Council, 1992 Edition] Likewise, annual direct dollar losses from
all natural disasters combined average only a fraction of the annual direct dollar
losses from fire, which totals over 8 billion dollars each year (in 1992 dollars).
[National Fire Data Center, 1992} However, since most fires are relatively small,
the cumulative impact of fire is not well recognized. The _tc>tal loss from fire is
significant, far more than the impressions many people have of it from the

anecdotal reporting of local fires in the media.
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1.1.2 Residential Fires

Residential fires only account for an average of 22 percent of the total number of
fires each year. As shown in Figure 1-1, however, residential fires cause just over
80% of the total civilian fire deaths in the U.S. with highway vehicle fires causing
14.0% and non-residential fires causing only 4.0%. From the period of 1989 —

1993, the mean number of residential fire deaths per year was 3,910. [Hall, 1996]

Percent of Civilian Fire Deaths

Other
Vehicle 1.5%
14.0%

Non-residential
4.0%

Residential
80.5%

Figure 1-1. Percentage of Civilian Fire Deaths by Property Use

Residential fire injuries represent approximately 74 percent of the total civilian fire
injuries per year. The mean number of U.S. civilian fire injuries over the period of
study is 29,080 per year. Firefighter injuries in residential occupancies represent

57% of total firefighter injuries, with a mean of 57,100 per year. [National Fire

Chapter 1 Page 4




Data Center, 1992] Residential property losses accounted for an average of $4.3
billion dollars per year, or 53% of the total fire property damage. Thus,
residential fires account for a large fraction of direct losses due to death, injury,

and property.

Several studies have been conducted comparing U.S. fire statistics to those of
other countries. The World Fire Statistics Centre in London publishes an annual
report to the UN Working Party on Housing that focuses on comparison of the
numbers. The UN report shows that the U.S. spends the most on fire-fighting
organizations, 0.28% of GDP, and second highest on fire protection for buildings,
0.42% of GDP. Still, the U.S. has the third highest death rate of the countries
reported,’ over 5 times that of Switzerland which had the lowest death rate per

100,000 population. [Wilmont, 1985]

1.1.3 The Total Cost of Fire

The total cost of fire in the U.S. defined as the sum of the measures of loss
caused by fire with what is spent to mitigate or prevent that loss has been
estimated at $121 to $164 billion dollars. [Hall, 1998; Meade, 1991] Of this,
less than 10% are economic losses. The growth in the total cost of fire has

been led not by fire losses but by the other cost components.

' The countries evaluated in order from lowest to highest death rates are: Switzerland,
Netherlands, Austria, Spain, Germany, New Zealand, Czechoslovakia, France, Belgium, Japan,
Sweden, Denmark, United Kingdom, Norway, Canada, U.S., Finland, and Hungary.
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Table 1-1. Total Cost of Fire

Category Cost
(B $) 1995
CORE COSTS
Economic Losses 11.3
Career Fire Departments 17.1
Net Fire Insurance 6.8
Building Construction For Fire Protection 21.9
NON-MARKET COSTS
Human Losses (death and injury) 16.0
Value of Donated Volunteer Time 17-60
OTHER FIRE PROTECTION COSTS
Cost Of Meeting Fire Grade Standards In The Manufacture 20.0 .
of equipment
Costs of fire maintenance 7.3
Costs of fire retardants and all product testing associated 2.8
with design for fire safety
Costs of disaster recovery plans 0.67
Costs of preparing and maintaining standards 0.22
' 121-164

GRAND TOTAL

The National Fire Protection Association states that since the early 1890’s, the

fastest rising component of total cost has been building construction for fire

protection. [Hall, 1998] Most of the increases in construction costs occur

because of regulation of commercial and industrial occupancies, thus raising the

guestion of a need for less restrictive regulations and better optimization of safety

and dollars spent on building fire safety construction.
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1.2 The U.S. Fire Regulatory System

1.2.1 The Code Development Process

The U.S. has a complex system of building and fire codes and standards
developed by multi-stakeholder committees. The codes are written by voluntary,
“pbalanced” committees composed of a mixture of manufacturers, consultants,
and special experts through a consensus process. These codes are prescriptive,
specifying specific technologies and procedures for compliance based on
generalized construction types and occupancy classifications. It has been noted
that, over time, factors such as large loss fires, advances in technology, industry
lobbying, and fear of liability have resulted in increases in the level of detail and
number of code provisions. [Meacham, 2000] Codes are typically developed at
the regional or national level; however, each municipality sets its own law by

voting a particular version of a code or standard into law.

Key questions befare the fire protection community today are: 1) Can the current
fire codes be made less restrictive without compromising safety? 2) Are current
fire safety standards in residences adequate to prevent loss of life? 3) Should all
buildings within an occupancy classification be subject to the same fire safety
regulations? 4) Are there areas where the fire safety performance of a given

building could be met at lower cost by deviating from the prescribed code?

Chapter 1 Page 7



1.2.2 Performance-Based Building and Fire Regulations

The U.S. fire and building code system, following the lead of several other
countries, is currently undergoing a regulatory transformation from a system of
prescriptive codes to a performance-based system. Current building and fire
codes in the U.S. are prescriptive. They specify fire protection reguirements
based on the construction of the building and its intended use. In contrast,
performance-based standards specify the resuits, not the means, of regulatory
compliance. The intent and motivation behind the reform effort is to reduce the
total cost of fire by becoming more globally competitive, encouraging innovation,
allowing for increased flexibility in design parameters, and providing a known

level of risk.

Some economists believe that evolving regulatory policies now overwhelm
government spending, tax, deficit, and monetary policies in determining U.S.
unemployment, real income, and productivity. One researcher has tried to show
quantitatively that increases in the amount of regulation correlate with negative
macroeconomic trends. [Goff, 1996] Performance-based codes are in fact a
reduction in the amount of regulation imposed and have become important in
construction:

It has been said by the Inter-jurisdictional Regulatory

Collaboration Committee that, “The growing trend around the

world to introduce performance-based codes is central to

improving efficiency in the construction industry. In

encouraging innovation and flexibility —without strict

prescription, performance-based building codes encourage

new techniques and practices, leading to expansion and
increased efficiency. This prometes investment in the industry,
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which in turn increases national GDP. [Intfer-jurisdictional

Regulatory Collaboration Committee, 1998]
This quote from the Inter-jurisdictional Regulatory Collaboration Committee hits
upen the major motivations that countries cite for adopting performance-based

codes and standards.

It has also been said that performance-based codes may lead to more effective
policymaking because the debate focuses around the actual objective or risk. In
a performance-based code, societal goals, design objectives, and performance
requirements are explicit and open to public debate. Therefore, society’s
expectations of the level of safety provided in the buildings are part of the
discussion. Under a prescriptive-based code, the discussion will more likely

center on design-specific issues with no direct link to regulatory objectives.

For example, a lengthy discussion took place in the code development process
over a proposed requirement for automatic fire sprinklers in patient sleeping
rooms of hospitals. This discussion took place without any mention of a loss
objective, an acceptable loss, a likely fire scenario, or potential losses with and
without a detection system. A research project was initiated to develop technical
information [Notarianni, 1993] but had to be conducted without an objective such
as "save the people outside the room of origin,” or “save the patient in the
adjacent bed.” Without such a clear objective, it is difficult to reach consensus on

the level of fire protection needed.
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1.2.3 Widespread International Adoption

Many countries including Australia, New Zealand, Great Britain, Japan, Finland,
and Canada have published performance-based building and fire codes and
many others are in the process of developing them. Australia published its
national performance-based code in October 1996. [Building Code of Australia,
1996] The United States is drafting both a performance-based building and a
performance-based fire code. These are scheduled for completion in 2000. Also,
most of the other 500 or so U.S. fire codes published by the National Fire
Protection Association are adapting performance-based alternatives to the
current prescriptive codes. The Life-Safety Code, which covers issues of
occupant safety in a variety of occupancy types, has a performance code option.

[NFFPA, 2000]

1.2.4 The Design-Performance Continuum

The distinction between performance standards and design standards is best
characterized as a continuum. Regulatory policymaking usually involves
selecting a point on a spectrum running from strict design standards to “pure”
performance standards (that is, standards that give the least detail about what
must be done to comply). Inthe early 1980’s, a study was done to demonstrate
applications of performance standards at various levels of regulation and to
promote the adoption of performance-based codes.[Project of Alternative
Regulatory Approaches, 1981] One of the issues highlighted in this study is that

performance standards work well when actual performance can be evaluated
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and verified with a sufficient level of confidence. Because fire safety
performance of a building is not easily measurable, the degree to which a
performance-based fire safety design objective can be verified as meeting a
predetermined societal objective is dependent on the technical predictive ability
of the scientific tools, such as existing fire models. [Brannigan and Lehner, 1995]
Thus, fire protection design would not be an obvious venue for performance-
based standards. Performance standards should be adopted and implemented
because of the potential advantages, but questions need to be addressed as to
where on the continuum is optimum for fire safety regulations. To determine this,
we need to know our ability to simulate fire conditions accurately, predict

occupant response to fire, and determine toxic levels of products of combustion.

1.3 Simulation of Fire in a Building

Several publications conceptualize the implementation of a performance-based
building and fire code system in the U.S. [SFPE Task Group, 1997; Snell, 1993]
What is clear, although not explicitly stated, is that implementation of any form of
a performance-based standard will require more decisions to be made. These
decisions will be more difficult, more complex, and more uncertain than under a
prescriptive-based code. It is challenging to make good fire protection decisions
for a multitude of reasons such as poor loss statistics; incomplete and
inadequate ability to model fire behavior;, many players with competing

objectives; the multi-disciplinary nature of the fire problem; the fragmented nature

Chapter 1 Page 11



of the construction industry; non-technically trained building code officials; and

our legal system.

Performance codes and standards work best when actual performance can be
evaluated to determine compliance with a code. In fire safety, direct
measurement of performance of & building or building systems is not usually
possible. To test the fire safety performance of a building, a full-scale prototype
of the building would have to be built and then burned under various scenarios.
[Brannigan and Smidts, 1898] Even if this were not cost-prohibitive, it wouid be

impossible to determine and to test all possible fire scenarios.

Thus, the quality of the performance-based design is directly a function of what
can be termed “technical predictive ability.” Technical predictive ability has been
defined as the ability to predict the performance of a building subject to a variety
of statistically valid fires with sufficient accuracy to allow the building to be

deemed to meet the performance objectives.

Fire science is in its infancy in terms of being able to calculate the behavior of fire
in a building. Calculation procedures and empirical equations have been
developed to predict parameters such as burning rates, release rates, and rates
of generation of products of combustion. These are vital inputs to fire models,
which calculate the build-up and spread of heat and gases in the building, the

time to activation of fire protection devices such as smoke detectors and
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sprinklers, and the time available for safe egress from the building. Also, many
human response phenomena such as response to a fire alarm must be

simulated.

Uncertainty exists around the use of these calculation methodologies and fire
models. Most were developed by researchers to explain fire behavior observed
during controlled laboratory tests. Many have limitations that are poorly
understood. An engineering and scientific evaluation of the state-of-the-art of
predictive tools is needed to identify the important technical issues. Ultimately,
integration of our building and fire safety standards with scientifically-based
engineering methods is needed in order to advance fire-safety design practice

significantly.

1.4 Role of Uncertainty in Fire Calculations and Fire
Policy

Uncertainty plays a major role in all aspects of a performance-based design.
There is uncertainty in the model physics, uncertainly in the input values to the
model, uncertainty in people’'s values when it comes to fire safety, and
uncertainty in human behavioral responses to fire. |dentification, characterization,
and a rigorous methodology are needed to handle these uncertainties. The
methodology must address the needs of designers, code officials, code

developers, policy makers, and researchers. Accounting for unknowns and
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variations is necessary in performance-based designs to provide confidence in

the final design.

Currently, there is no accepted method with which to treat uncertainty in fire
protection engineering design. The need to account for safety and reliability in
calculation protocols is discussed at the first international conference on
Performance-based codes and fire-safety design methods. [Lucht, 1996]
Uncertainty is usually ignored or treated poorly. Often, factor-of-safety methods
are proposed which are based on historically derived safety factors. However,
these do not work well for a performance-based design, because derivation of a
safety factor is dependent on prior experience. As new technology, innovative
applications, and deviations from the prescriptive code become more common,
historically derived safety factors will be less available and less applicable.
Therefore is important for the engineer to understand not only the theory behind
uncertainty analysis but also how to apply it to a complex fire protection

engineering design.

Furthermore, it is impractical to include treatment of all uncertainties in a
performance calculation. It should be determined if a given uncertainty is of
statistical and/or scientific importance. Only uncertainties that are important to
the physical outcome of interest should be treated quantitatively in these

analyses. A methodology is needed that is sufficiently rigorous to identify these
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uncertainties. It must be developed by someone with an understanding of the -

underlying physics in the fire models and other technical tools.

1.5 Outline Of Dissertation And Discussion Of
Customers

Chapter 1 defines an important role for uncertainty analysis in the adoption and
implementation of improved fire safety regulations, both prescriptive- and
performance-based. Because uncertainty is a broad and general term used to
describe a variety of concepts, Chapter 2 explores these concepts and the nature
and sources of uncertainty in fire protection engineering. Also in Chapter 2, the
performance-based design process is reviewed, and several barriers to
determining and documenting agreed upon levels of fire safety are identified. The
problem of switchover, where variations in analysis parameters, assumptions, or
model inputs cause changes in the acceptability of the final design, is introduced.
The problems with conducting an uncertainty analysis are discussed, and a
taxonomy useful in structuring a framework for understanding, identifying, and
investigating uncertainties as a function of the steps in a fire safety engineering

~ calculation is developed.

Chapter 3 suggests a quantitative methodology for the treatment of uncertainty in
fire safety engineering design calculations that is comprehendible but rigorous. It
breaks the process of conducting an engineering design calculation down into
identifiable steps, each of which can be expanded or contracted to fit a specific

design problem. Chapter 4 demonstrates the application of the methodology to a
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case study of an actual building. Chapter 5 presents the resuilts of the case study
and demonstrates how uncertainty analysis can be used to create distributions of
key outcome criteria, estimate time to untenability, judge acceptability of egress
time, and compare two designs. It is also shown how results of the uncertainty
analysis can be used to determine the uncertainty importance of the input
parameters and to simplify future uncertainty analyses. Chapter 6 demonstrates
how uncertainties in fire protection are treated in a benefit-cost study of a

residential fire sprinkler regulation and discusses the insights obtained.

This work is meaningful to many stakeholder groups. Conclusions and
recommendations to stakeholder groups are presented in Chapter 7. The
methodology defines and standardizes a process for design engineers to follow
in order to quantify the level of confidence in the final design. It makes explicit
the consideration of many “what if” scenarios typically of concern to the authority
having jurisdiction. It provides building owners with a way to compare
quantitatively the level of safety and the cost of various fire protection designs. It
provides for life-cycle safety of the building and, thus, will lead to increased public
safety. It demonstrates to researchers how best to prioritize enhancements to the
physics and structure of fire modelé and provides insights to policy makers and
code developers who are drafting new regulations. Most importantly, it provides
for the facilitation of open discussion among the stakeholder of the risks, costs,

and benefits of any given option.
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2. UNDERSTANDING AND IDENTIFYING
UNCERTAINTY IN FIRE-PROTECTION
ENGINEERING DESIGN

Uncertainty is a broad and general term used to describe a variety of concepts
inciuding but not limited to lack of knowledge, variability, randomness,
indeterminacy, judgement, approximation, linguistic imprecision, error, and
significance. These and many other facets of uncertainty are discussed in more
detail in Chapter 4 of Uncertainty [Morgan and Henrion, 1990]. The variety of
types and sources of uncertainty, along with the absence of agreed upon
terminology, generates considerable confusion in the fire protection engineering
world. Many facets of uncertainty can be understood through statistical and
scientific concepts, some of which are presented below. However, uncertainties
in the engineering design process, such as those éurrounding the selection of
performance criteria, are best understood by their abilty to change the
acceptability of a design. Finally, to understand uncertainty in fire safety
engineering fully, one must be cognizant of the difficulties in conducting a

complete uncertainty analysis.

2.1 Nature and Sources of Uncertainty

Uncertainty is often discussed as though it was synonymous with measurement
uncertainty, i.e., doubt about the validity of the result of a measurement.
Measurement uncertainties are characterized from both a statistical analysis of a

series of observations (to determine the random error) and from systematic
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effects associated with corrections and reference standards (to determine the
systematic error). The total error is defined as a combination of random and
systematic errors. Much work has been done to reach an international
consensus on the evaluation and expression of measurement uncertainty.
General rules for evaluating and expressing uncertainty in measurement are
provided in a guide published by the American National Standards Institute and
the National Conference of Standards Laboratories [American National
Standards Institute, 1997]. An example of dealing with measurement uncertainty
in fire protection engineering is found in a study of the uncertainty surrounding

the use of thermocouples to measure temperature [Pitts et al., 1998].

However, uncertainty also arises from a variety of other sources to which
standard techniques for the evaluation and expression of uncertainty do not
always apply. Uncertainty can arise from a lack of complete knowledge. What is
the heat release rate or radiative fraction of a mixed-fuel package? We have not
measured and cannot reliably predict the value of these quantities for all potential
fuel packages. Furthermore, the heat release rate and radiative fraction vary with
parameters such as geometry, source and strength of ignition, and ventilation
conditions. Uncertainty may arise from randomness such as where and how the
fire will start. Uncertainty may arise from indeterminacy, the inability to know
what will happen in the future. For exémple, the occupancy of and furnishings in
a building may be different ten or twenty years after it is built. Uncertainty may

arise due to the unpredictability of human behavior. It is unknown what actions
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each occupant will take upon discovering a fire or hearing an alarm. Uncertainty
can arise because of disagreement between information sources. Rates of
generation of products of combustion per gram of fuel burned vary from study to

study and even from test to test in the same study using the same instruments.

Uncertainty may arise from difficulties in defining the problem. For example, a
goal may be established to provide an equivalent level of fire safety. However,
equivalency may be defined as providing the same time available for egress,
providing the same level of property protection, providing the same level of fire
safety for fire fighters entering the building, or all of the above. Uncertainty may
also arise from linguistic imprecision. It is difficult to determine what exactly is
n;neant by “flame spread should be limited.” While this is true, these sources can
usually be removed via proper problem definition. Uncertainty often refers fo
variability. For example, the ambient temperature and the total number of deaths
from fire can vary in time by season, month, and day. They also vary by region of
the country and community size. Even if we had complete information, we may
be uncertain because of simplifications and approximations introduced due to

computational limitations.

Custer and Meacham discuss uncertainties inherent in the performance-based
analysis and design process in Chapter 9 of Infroduction to Performance-Based
Fire Safety [Custer and Meacham, 1997]. The authors pose questions related to

understanding uncertainties in risk perceptions, attitudes, and values. As
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Morgan and Henrion point out, “In addition to being uncertain about what exists
in the external world, we may be uncertain about individual preferences,
uncertain about decisions relating to potential solutions, and even uncertain -
about the level and significance of our uncertainty.” Understanding the level and
significance of our uncertainty is crucial to making good fire safety design

decisions.

2.2 Uncertainties in the Design Process and The
Problem of Switchover

Of practical significance is that direct measurement of the fire safety performance
of a building or building system is not usually possible; therefore, we must rely on
the technical predictive ability of scientific tools such as existing fire models. The
problem is that numerous uncertainties in the application of these fire safety
design tools often go unrecognized or ignored. Many of these uncertainties are
inherent in the design process itself. Variations in analysis parameters,
assumptions, or model inputs may cause output criteria to change. Switchover
occurs when outcome criteria change enough so as to cause a change in the
design decision, (e.g., the acceptability of a final design). It is critical to know if
different sets of reasonable inputs, scenarios, or parameters used in a fire safety
engineering design have the potential to cause switchover and lead to different

acceptable designs.
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The Society of Fire Protection Engineers (SFPE) Engineering Guide to
Performance-Based Fire-Protection Analysis and Design of Buildings details
several steps in the design process [SFPE, 1999]. As shown in Figure 1,
adopted from the SFPE Engineering Guide. The stated intent of the guide is to
“provide guidance that can be used by both design engineers and approving
authorities as means to determine and document achievement of agreed upon

levels of fire safety for a particular project.”

A review and analysis of the performance-based design process for fire safety
engineering outlined in the guide along with a review of several case studies of
performance-based, fire safety engineering designs for actual buildings was
conducted [Notarianni and Fischbeck, 1999]. This review uncovered seven
major barriers to determining and documenting achievement of agreed upon
levels of fire safety for a particular project. All seven barriers involve various
types of uncertainty. Thus, there is a well-defined and strong role for uncertainty
analysis in improving the ability to document achievement of agreed upon levels
of fire safety. The seven barriers identified are presented below along with a
discussion of how they might lead to switchover of a design from acceptable to

unacceptable.
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Figure 2-1. Overview Of The Performance Based Design
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2.2.1 Performance Criteria Are Not Established

There is uncertainty in the selection of performance criteria. In fact, performance
criteria have not been established or agreed upon by the fire safety community,
and current policy allows the stakeholders themselves to select the criteria to be
used for each design. Discussions occur around such questions as: Is the set of
performance criteria sufficient? What do the numerical values actually represent?
Should different criteria be used with different sub-populations such as the sick,
the elderly, or the handicapped? At one recent international conference, two
engineers presented their performance-based case studies conducted for real
clients on actual buildings. They had each followed the current design guidelines;
however, they had selected very different performance criteria [Stroup, 1998;
Sullivan, 1998]. Differences existed on three levels: 1) the parameters included in
the set of performance criteria, 2) numerical values selected as the critical or cut-
off values for these parameters, and 3) the presence or absence of a time
element for reaching the cut-off values. Since predictions of fire models are
compared to selected performance/life-safety criteria in order to determine if a
design is acceptable, variations in criteria can cause the same design to pass or

fail.

2.2.2 The Design-Fire Selection Process Is Unspecified

Design fires are defined fire challenges (e.g., a grease fire on the stove, a

smoldering cigarette fire on the sofa). Along with design fires, several fire
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scenarios, or descriptions of possible fire events that could occur are developed.
For each design fire evaluated, the goal is to provide a fire-safety design that

would satisfactorily mitigate unwanted fire scenarios from developing.

Because it is impossible to evaluate physically the performance of building
systems in response to all design fire scenarios that might occur, how can one
have confidence that the design fires and resulting fire scenarios represent the
range of fires that might occur in the building? Usually a designer will try to select
"worst-case" or "reasonable worst-case" scenarios. However, which scenarios
present a worst-case situation or how likely (or unlikely) a particular scenario is
may not be intuitive. It is debatable whether we should be designing for the one-
in-a-million fire and how many design fires and fire scenarios are sufficient. A
methodology is needed that would incorporate the likelihood of a design fire
and/or associated design fire scenario. It is easy to see how the same design
may be deemed acceptable if based on a limited number and type of design fires
or deemed unacceptable if based on an expanded set of scenarios or an

unrealistically pessimistic set of scenarios.

2.2.3 Assumptions Are Made About Human Behaviors In Fire
During several critical steps in the design process, assumptions are made about
human behaviors in fire. For example, some egress models used by fire-

protection engineers to predict the time required for safely evacuating a building

(or part of a building) make many assumptions about how humans behave. Two
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of the stated assumptions built into one internationally used egress model are 1)
100% of the occupants are readily mobile and 2) occupants begin leaving the
building immediately upon hearing an alarm [Portier et al., 1996]. Experience
demonstrateslthat this is often not the case, see for example, [Benthorn and

Frantzich, 1998; Proulx, 1998].

Other behavior assumptions may not be explicitly stated but can be inferred from
an analysis of model outputs. For example, results from a recently published
study of a performance calculation using the egress model in FASTlite reveal that
assumptions are made about human behavior during fires [Portier et al., 1996].
A decrease in the number of exits by 1/3 increases the egress time by exactly
1/3. This suggests an implied assumption that an equal number of people egress
through each available exit. More typically, actual human behavior will be to exit
following the path one normally uses to enter and exit the building. Existing
egress calculations and models need to be evaluated so that unrecognized
and/or unstated uncertainties resulting from assumptions regarding human
behavior can be identified. Once revealed, the implications of these assumptions

need to be explored quantitatively.

2.2.4 Predictive Fire Models Have Limitations That Are Not Well
Documented Or Widely Understood

Fire models and other calculation methodologies are often inappropriately used
to develop and evaluate candidate designs for buildings and/or scenarios outside

of the models predictive capabilities. This occurs because limitations of fire
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models are not well documented or widely understood. For example, computer
fire models do not model fire directly and only predict fire effects based on user
selected input data. Because many existing fire-model and calculation
methodologies were originally developed as research tools, model conditions,
defined as “fundamental requirements for the model's validity, *[Brannigan and
Smidts, 1998] are often unknown or unstated. Estimates provided by a model

are technically credible only when model conditions have not been vioclated.

2.2.5 Outputs Of Fire Model Are Point Values That Do Not
Directly Incorporate Uncertainty

Even when the mode! is used within its intended limitations, fire-model outputs
are point values that do not reflect inherent input uncertainties (e.g., fire growth
rates, initial conditions). Without knowledge of the uncertainty surrounding a
prediction, it is impossible to be certain of a design’é acceptability. One example
is the response of fire-protection equipment such as sprinklers, heat detectors,
and smoke detectors. Predictions of the time to activation of such devices would
specify for example, 121 seconds. However, the actual time to activation may be
higher or lower depending on any factors not modeled including individual

detector characteristics and distance below the ceiling.

2.2.6 The Design Process Often Requires Engineers To Work
Beyond Their Areas Of Expertise

Problems can aiso occur when fire-protection engineers are required to work in

domains outside their expertise. “Conservative” assumptions made by well-
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intentioned engineers may not be as conservative as intended. For example, a
design engineer intending to be “conservative” may assume that tenability would
be violated when any one of a set of individual criteria such as temperature or
carbon monoxide exceeded its minimum value. However, toxicity experts might
argue that temperature and gas interactions cause tenability to be violated even
when each of the individual species are in “acceptable” ranges. Likewise, a
design engineer may assume that the time to react to an alarm for a resident is
“‘conservatively” set equal to the travel time needed to go from one remote corner
of the unit to the other most remote corner of the same unit. However, this may
not be that conservative since even a fully ambulatory occupant may stop to

gather belongings, rescue a pet, call a neighbor, etc.

2.2.7 No Standardized Methods Exist To Incorporate Reliability
Of Systems

The last barrier identified is the uncertainty surrounding both the reliability of a
given fire-protection device/system/or characteristic and the lack of standardized
methods fo incorporate reliability into performance-based engineering
calculations and decisions based upon these calculations. For example, we may
be uncertain about the reliability of a given fire suppression system. Sometimes
a fire suppression system is proposed as an alternative to passive fire protection
such as compartmentalization. However, these two alternatives have different
reliabilities. There is no universally agreed upon methodology that describes how

to account for these differences.
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These seven barriers to determining and documenting achievement of agreed
upon levels of fire safety for a particular project must be addressed fully in order
for all stakeholders to have a known level of confidence in the science-based
predictions and the resulting final design. All seven barriers involve various types
of uncertainty. Thus, there is a well-defined and important role for uncertainty
analysis in fire safety-engineering calculations. Although this clear role for
uncertainty in improving the development and implementation of performance-
based fire safety regulations exists, uncertainty analysis is clearly an

uncomfortable topic for many of the stakeholders in the process.

2.3 Difficulties with Conducting Uncertainty Analyses

Discussion of the proper treatment of uncertainty in a fire safety engineering

calculation is difficult for several reasons:

1) The magnitude of the problem is not clearly understood. It is widely
assumed that a mixture of “conservative assumptions” and “factors of
safety” can be used to “cover for’ uncertainties. However, factors of safety
that are applied at various stages of the analysis are not necessarily linearly
related to the critical output parameters, potentially resulting in a reduced (or
no) factor of safety in the results.

2) There are many types of uncertainties that go unrecognized or ignored.

These include uncertainties in variables “hard-wired” in the scientific tools,
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uncertainties in tenability/performance criteria, uncertainties surrounding the
selection of design fires, and uncertainties in human behaviors and values.

3) Fear of the effect on the implementation of performance-based regulations.
There is a fear that identification and treatment of uncertainty would show
that our current ability to predict the build-up of heat and toxic products of
combustion is not accurate enough to judge the acceptability of a proposed
design with a high enouéh confidence level. This would delay
implementation of the entire performance process until predictions of critical
outcome criteria can be more certain.

4) No quantitative methodology exists for treating uncertainty in performance-
based designs. A methodology is needed that is both rigorous and
comprehendible.

5) Impracticality. Fear that the mathematical rigor needed to conduct such an
analysis would render the process impractical.

6) Paucity of data. To quantify uncertainty adequately, a large quantity of data
would be needed to determine ranges of values for input parameters such
as heats of combustion, rates of production of various gaseous species, and
other important inputs. A large quantity of data would also be needed to

validate predicted values with empirical data from real burn scenarios.

It should be pointed out that these are real and valid concemns due to the
combination of poorly defined and unstructured problems and the lack of a user-

friendly methodology. Current common practice for doing “uncertainty” analyses
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involves completing a series of single-variable sensitivity studies. Application of
these techniques to a complete performance-based design containing hundreds
of variables is impractical. The following sections focus on practical ways to

identify and account for uncertainties in fire-protection engineering design.

2.4 Ildentifying Uncertainties In Fire Protection
Engineering

When considering uncertainty in a fire-protection engineering calculation, fire-
protection engineers typically consider first the uncertainties associated with the
calculation inputs, usually empirically measured quantities such as heat release
rates. However, there are many other types of uncertainty integral to fire-safety
engineering design. Custer and Meacham identified many of these in Infroduction

To Performance-Based Fire Safety [Custer and Meacham, 1997].

In a complete uncertainty analysis, not all uncertain parameters need to be
treated quantitatively, only parameters or combinations of parameters with the
potentialrto cause switchover in the final decision on the acceptability of a design.
Other uncertainties which have minimal effect on the results can be ignored, and
best-guess values of these parameters can be used in the calculations. Still
others, such as societal values become policy or regulatory issues and should be
treated parametrically to allow decision makers to see the effects of alternative
choices. The intelligent use of safety factors can often cover more than one type

of uncertainty. Still, it is useful to first identify sources and types of uncertainty
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from a broad perspective. Without first adequately identifying the sources of

uncertainty, we cannot understand how to best handle them.

Section 2.4 presents a taxonomy useful in developing a framework for
understanding, identifying, and investigating uncertainties as a function of the
steps in a fire-safety engineering calculation. The taxonomy builds upon earlier
work presented at a conference on Fire Safety Design in the 21%' Century

[Noftarianni and Fischbeck, 1999].

2.4.1 Scientific Uncertainties

Scientific uncertainties are due both to lack of knowledge (e.g., in the underlying
physics, chemistry, fluid mechanics and/or heat transfer of the fire process) and
to necessary approximations required for operational practicality of a model or
calculation. Of the many types of uncertainty found in performance-based fire-
safety design calculations, scientific uncertainties are typically the most easily
recognizable and quantifiable. The many types of scientific uncertainty can be
roughly divided into five sub-categories: 1) theory and model uncertainties; 2)
data and input uncertainties; 3) calculation limitations; 4) level of detail of the

model; and 5) representativeness of the design-fire scenarios.
Theory and model uncertainties arise when physical processes are not modeled

due to lack of knowledge of how to include them, processes are modeled based

on empirically derived correlations, and/or the making of simplifying assumptions.
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These types of uncertainties are present in all compartment fire models, in which
each of these factors leads to uncertainties in the results. Most compartment fire
models are zone models, which make the simplifying assumption that each room
can be divided into two volumes or layers, each of which is assumed to be
internally uniform and that changes in energy or compositions are implemented
immediately throughout the layers. Current zone models do not contain a
combustion model to predict fire growth, forcing the model user to account for
any interactions between the fire and the pyrolysis rate. Many compartment fire
models also use an empirical correlation to determine the amount of mass

moved between the layers.

Data and input uncertainties arise from both lack of knowledge of specific input
values and variations in input values as a function of many factors such as time,
temperature, and region of the country. For example, the rate of heat release of
a three-cushion upholstered sofa may be uncertain due to lack of available data
for sofas with the same dimensions, stuffing, and cover materials. Results also
may be uncertain because the test method by. which the heat release rate was
measured could not specify all combinations of ignition source and strength and
because there are inaccuracies inherent in the instrumentation used in the test.
Other inputs such as concentrations of toxic gases produced vary with time as
the fire develops and are uncertain. The species production constants used to
predict concentrations are a function of the material or combination of materials

actually burned. This is unknown a priori to the design stage.
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For most fire models and calculation procedures, very different answers can
result depending on the calculation limitations, control volume selected for
modeling, the level of detail of the model, and the model-domain parameters
specified. Model-domain parameters set the scope of the system being modeled
and define the model's level of detail and/or base-line properties. Though these
parameters or quantities are often ignored during uncertainty analysis, they have
the potential for considerable impact [Morgan aﬁd Henrion, 1990]. This has been
shown for fires in high-bay spaces. Differences in the outcome criteria such as
maximum temperature and time to activation of fire detectors and sprinklers are
found when a large space is modeled with a simple zone fire model versus a
more detailed computational fluid dynamics model [Notarianni and Davis, 1993].
Differences in the outcome criteria are also found when a large space, which is
typically sub-divided by draft curtains,' is modeled. If a control volume is drawn
around a singlé draft curtained area (as opposed to drawing the control volume
around multiple draft-curtained areas or around the entire building), higher
temperatures and faster activation times of installed fire-protection devices will be
predicted. Also, significant to the uncertainty in the outcome parameters are the
index variables of the model. Index variables are used to identify a location in the
domain of a model or to make calculations specific to a population, geographic

region, etc.

" A draft curtain is a barrier that extends a certain vertical distance down from the roof or ceiling.
Draft curtains are installed to sub-divide a large area with the intent of corralling heat and smoke.
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Uncertainty arises in both the naumber and type of design fire scenarios that need
to be modeled for a given design/building. There may be significant differences
between reality and the design fire scenarios that were used to judge the
adequacy of the performance-based design. Variations in the ignition source,
rate of growth, and/or the materials burned affect confidence in the results. It is
unclear if all statistically significant fire scenarios should be modeled or if worst-
case or reasonable worst-case scenarios are adequate. Furthermore, a worst-
case scenario may be defined in terms of many different variables. A scenario
may be worst-case because it is most likely to cause death, because it has

potential for large property loss, or for other reasons.

2.4.2 Uncertainties and Variability in Behavior

Human behavioral uncertainties concern both the way in which people act in a
fire and how these actions should be considered during steps in the design
process (e.g., definition of project goals, selection of performance criteria, and
development and evaluation of candidate designs). Behavioral scientists tell us
that human actions can range from somewhat predictable to unpredictable.
Actions are more predictable when choices are limited, procedures are practiced,
the situation is not novel, and little chaos is present. Unfortunately, during a
typical fire, few if any of these conditions occur. Brannigan discusses what he
calls “intentional uncertainty” in relationship to human behavior [Brannigan and

Smidts, 1998]. Brannigan states, “human decision making does not follow the
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same kind of well understood rules that control the physical science variables

used in models. Human decisions represent intentional uncertainty.”

For example, human behavior in response to a fire alarm must be modeled in
terms of time to respond to the alarm and type of response. Does the person
immediately begin to evacuate the building? Does he/she take the stairs or the
elevator? What factors enter into that choice? Does the person try to fight the
fire? Does the person stop to gather personal possessions or call a neighbor?
Another area of human behavior relevant to performance-based calculations is
behavior during egress. Do people use the best exit or the most familiar one?

How long do people take to start to exit?

Human factors also affect the analysis needed for identifying goals and
objectives and developing performance criteria. Fire-safety goals typically include
levels of protection for people, with performance criteria being a further
refinement of these objectives. Performance criteria are numerical values to
which the expected performance of candidate designs can be compared. What
range of occupant characteristics such as age and handicaps should be
considered? How do human behaviors such as behavior during egress influence

the numerical values chosen for performance criteria?

When developing and evaluating candidate designs, the efficacy of the proposed
fire-safety measures mitigating all likely fire scenarios should be determined.

This involves varying human behavioral elements. For instance, two very
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different fire scenarios could develop from the same cooking-initiated design fire:
1) a grease fire from cooking sets off a smoke detector that alerts the occupant
who reacts and properly extinguishes the fire while it is still small; or 2) the
occupant forgets and leaves a pot simmering on a burner, takes a sleeping aid,
and goes to bed. The overheated pot ignites and the fire spreads to one or more

adjacent items.

2.4.3 Uncertainties and Variability in Risk Perceptions and
Values

There is both variability and uncertainty in the way people perceive and value
risk. Capturing differences that people have in their perceptions and values
related to risk is a necessary step in the design process. Research has shown
that though people typically view consequences-from voluntary risks less
severely than equal consequences resulting from an unknown and/or involuntary
risk, there is variability [Starr, 1969]. For example, while some people would
agree that an increase in risk to fire fighters (people who accept risk as part of
their job) is justifiable if a corresponding decrease in risk to the public could be
achieved, others would not. Few studies have been conducted that clearly
demonstrate how society values fire-safety risks at the level needed to support
performance-based trade-offs. Some work on incorporating risk concepts and
identifying levels of acceptable risk is discussed in [Meacham, 2000]. 1t is
important to identify where value judgements enter into a performance-based
calculation and to make any assumptions explicit regarding values and the

impact of different values on the final design.
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Ancther important factor is the concept of equivalency. Equivalency can mean
different things to different stakeholders. For example, one person may
determine that non-combustible construction is equivalent to an installed
sprinkler system if they are both shown to both provide for time to egress the
building. Another may argue that they are not equivalent, because the reliability
of the sprinkler system is less. Designs may be equivalent in terms of life safety,
property protection, business interruption, injuries, and/or prevention of structural
collapse, but they are most likely not equivalent in all regards. It is, therefore,

important to make explicit what assumptions “equivalency” is dependent upon?

2.4.4 Uncertainties Related to the Life-Cycle Use and Safety of
Buildings

Many factors change over the lifetime of a building. The uncertainties
surrounding future use, occupancy, and other factors contribute to the difficulty in
conducting a structured performance-based design. Even daily fluctuations in
these design parameters can affect the safety of a building. For example, a
building or area of a building that ié normally occupied 24-hours/day may become
unoccupied (or occupied by very different people) for extended periods of time
due to extraneous factors (e.g., business closing, maintenance, renovation). The
characteristics of the different occupants such as the elderly or the handicapped
can lead to very different design conside(ations. Other changes that may affect

the life-cycle safety of the building are fire-service characteristics such as
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distance of the building to the nearest firehouse, and expected response time of

the fire department.

2.4.5 Uncertainties Related to Providing for Equity and
incorporation of Societal Values

This involves determining what is important to the stakeholders and to what
degree protection should be provided. A mechanism should be provided to
assure equal outcomes for sub-groups. Since in most projects there are many
stakeholders such as the building owner, design engineer, architect, code official,
and the public (users of the building), it is difficult to assign worth in the
usefulness or importance of something and apply it across all individual and
societal issues. The key here is that decisions that change if a value, attitude, or
risk perception varies must be made explicit in the design. Agreement on these
key decisions by all stakeholders is critical to the success of a performance-

based design.

2.4.6 Relation to Steps in the Design Process

Several types of uncertainty will be encountered at each step in a performance-
based design process or during the process of setting new prescriptive
requirements. For example, when developing performance criteria, one will have
to deal with scientific uncertainty such as determining what level of carbon
monoxide will cause unacceptable consequences and how can one scientifically

account for interactions between products of combustion. One will also have to
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deal with issues of equity and societal values. At present, performance criteria
are not established nor agreed upon. Changes to the set of performance criteria
selected could cause the same design for the same building to be deemed
acceptable in one jurisdiction and deemed unacceptable in another jurisdiction.
Uncertainties related to life-cycle use and safety of buildings also arise when
selecting performance criteria. Over the life cycle of the building, many factors

such as use and occupant characteristics change.

2.5 Need For a Methodology to Treat Uncertainty in the
Application of Our Tools

Uncertainty can play an important role in the development and implementation of
fire-safety regulations. Beyond being just another step in the process of getting a
building approved, properly determining and documenting a level of confidence in
the design will have numerous benefits. The treatment of uncertainty is key to
ensuring and maintaining an appropriate level of public safety while allowing the
flexibility necessary to reduce costs. This is true for all fire-safety engineering
calculations, whether conducted to meet a performance-based code, aid in the
establishment of a prescriptive requirement, or compare performance options to
their prescriptive counterparts. The quantitative treatment of uncertainty will
facilitate cooperation among stakeholders by increasing the overal
understanding of risks and costs. Distributions of outcomes are a much richer
description of what is possible than the typical point-value answers. Though
stakeholders and/or policy decisions must still determine how much risk to

accept, with thorough uncertainty analyses, these decisions will be informed and

Chapter 2 Page 24




free of the uneasiness that typically surrounds acceptance of a determinis‘tic

performance calculations.

At present, no method exists for the quantitative treatment of uncertainty in a fire-
safety engineering calculations. A method is needed that is both rigorous and
comprehendible. Chapter 3 outlines a methodology that provides for the
integration of uncertainty analysis into the performance-based design process.
The methodology suggested is easily generalized to apply to a broad range of
fire-safety engineering calculations. The methodology does not require
guantification of all uncertainties in an analysis. However, it provides a means of
determining which input parameters have uncertainties that are important to the
ffnal decisions. The methodology incorporates ways of handling value
judgements and demonstrates how results can be displayed graphically to

stimulate discussion among the stakeholders.
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AMETHODOLOGY FOR THE TREATMENT OF UNCERTAINTY IN
FIRE-SAFETY ENGINEERING DESIGN CALCULATIONS

3.1

3.2

3.3

3.4

3.5
3.6

3.7

3.8

3.9

3.10
3.1

3.12

3.13

3.14

Overview — The Performance-Based Design Process with
Uncertainty

Steps 1-3. Define Scope, Goals, and Objectives

Step 4. Develop Probabilistic Statement of Performance

Step 5. Develop a Distribution of Design Fire Scenarios
Step 5a. Select Calculation Procedure(s)

Step 5b. Identify Uncertain and Crucial Input Parameters

Step 5c. Generate a Distribution of Design Fire Curves

Step 5d. Define Distributions of and Model Correlations Among
Other Input Parameters

Step 5e. Select Sampling Method and Determine Number of
Scenarios

Step 6. Develop Candidate Designs

Step 7. Evaluate Candidate Designs

Step 7a. Calculate a Set of Values for Each Outcome Criterion and
Create Cumulative Distributions Functions

Step 7b. Determine Sensitivity of Outcome Criteria to Elements of
Probabilistic Statement of Performance

Step 7c. Evaluate Base Case
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3. AMETHODOLOGY FOR THE TREATMENT OF
UNCERTAINTY IN FIRE-SAFETY
ENGINEERING DESIGN CALCULATIONS

The fire-safety community needs to begin to move forward from discussing a set
of issues and concerns relating to uncertainty in fire-protection engineering to
agreeing as a community on practical steps to execute an uncertainty analysis.
Chapter 3 presents a generic methodology that quantitatively treats variability
and uncertainty and is applicable to a wide range of fire-protection engineering
calculations and fire-safety design issues. For example, application of the
methodology is appropriate for engineering calculations such as those that
predict upper layer temperatures and concentrations of products of combustion.
The methodology may also be applied to calculations of time needed to egress. It
ties together the issues discussed in Chapter 2 regarding uncertainties in the
design process and the problem of switchover and suggests modifications to the
current performance-based design process to directly incorporate uncertainty

analysis.

3.1 Overview of The Performance-Based Design
Process with Uncertainty

The methodology is rigorous but comprehendible. It breaks the process of
conducting an engineering design calculation with uncertainty analysis into
identifiable steps, each of which can be expanded or contracted to fit specific

design problems. Table 3-1 shows the steps in conducting a performance-based
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fire protection engineering design. The left two columns list the steps in the
performance-based design process as detailed in the SFPE guide [SFPE, 1999].
The right two columns list the steps in the performance-based process with
uncertainty. Steps or parts of steps in bold signify suggested modifications to the
current design process. Steps 1-3 are modified by incorporation of treatment of
uncertainties noted in parenthesis and detailed in the taxonomy in Chapter 2.
The intent of each step does not change; however, the process is made explicit

and standardized.

The quantitative methodology for the application of uncertainty analysis is applied
throughout Steps 4-8. In step 4 a probabilistic statement of performance is
developed. In steps 5-7, candidate designs are developed and a process for
evaluating these designs through simulation with uncertainty analysis is
described. Step 8 now includes a decision of acceptability that makes use of the
results of the quantitative uncertainty analysis. Steps 9 and 10 remain the same.
It should be noted that performance-based designs may require an iterative
process. If in Step 8 the candidate designs are deemed unacceptable, the
process returns to Step 6 to develop new candidate designs. If no acceptable

design in found to meet the goals and objectives, Steps 1-3 must be revisited.
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Table 3-1. Steps in the Performance-Based Design Process With

and Without Uncertainty
PERFORMANCE-BASED PERFORMANCE-BASED DESIGN PROCESS WITH
DESIGN PROCESS UNCERTAINTY
Step 1 | Define Project Scope Step 1 | Define Project Scope (Uncertainties
Related to Life-Cycle Use and Safety of
Buildings)
Step 2 | Identify Goals Step 2 | ldentify Goals (Uncertainties Related to
Equity and Incorporation of Societal
Values)
Step 3 | Define Stakeholder and | Step 3 | Define Stakeholder and Design Objectives
Design Objectives (Uncertainties Related to Risk Perception
and Values)
Step 4 | Develop Performance | Step 4 | Develop Probabilistic Statement of
Criteria Performance
(Criteria, Threshold, Probability, Time)
Step 5 | Develop Design Fire Step 5 | Develop a Distribution of Design Fire
Scenarios Scenarios
5a | Select Calculation Procedure(s)
5b | Identify Uncertain Input Parameters
5c | Generate A Distribution of Design Fire
Curves ; ,
5d | Define Distributions of and Model
Correlations Among Other Input
Parameters
5e | Select Sampling Method and Determine
Number Of Scenarios
Step 6 | Develop Candidate Step 6 | Develop Candidate Designs
Designs ‘ » ‘
Step 7 | Evaluate Candidate Step 7 | Evaluate Candidate Designs
Designs 7a | Calculate A Set Of Values For Each
Outcome Criteria and Create Cumulative
Distribution Functions
7b | Determine Sensitivity to Elements of
Probabilistic Statement of Performance
7c | Evaluate Base Case (Optional)
7d | Determine Effect of Each Candidate
Design on Each of The Scenarios
7e | Evaluate Uncertainty Importance i
Step 8 | Design Meets Step 8 | Design Meets all Four Elements of
Performance Criteria? Probabilistic Statement of Performance?
Step 9 | Select Final Design Step 9 | Select Final Design _ o
Step 10 | Prepare Design Step 10 | Prepare Design Documentation

Documentation
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3.2 Steps 1-3. Define Scope, Goals and Objectives

Many of the types of uncertainties discussed in Chapter 2 are important to
consider during the process of setting the scope, goals, and objectives of a
project. These three steps are described below; for each step, one example of a

type of uncertainty to consider is provided.

The first step in the performance-based design process is to define the scope of
the project. The project scope is an identification of the boundaries of the
performance-based analysis or design. The SFPE guide suggests consideration
of several aspects of scope such as occupant and building characteristics and
intended use of the building. In Chapter 2, indeterminacy was discussed as well
as uncertainties related to the life-cycle use and safety of buildings.
Indeterminacy affects the scope in that it is impossible to know what the
occupancy and furnishings will be in a building at some point in the future.
Therefore when assumptions are made regarding occupant and building
characteristics, some investigation of the sensitivity of the final design to changes
in occupant and building characteristics should be made and documented. If
switchover occurs for a particular value of one or a combination of analysis

parameters, assumptions or values, this needs to be made explicit.

The second step in the design process is identifying and documenting fire-safety
goals of various stakeholders. These include levels of protection for people and

property and provide for continuity of operations, historical preservation, and
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environmental protection. For example, when identifying goals of various
stakeholders, a mechanism needs to be provided to assure equal outcomes for
sub-groups including the building owner, design engineer, architect, code official,
and the public (end users). Because it is difficult to assign worth in the
usefulness or importance of something and apply it across all individual and
societal issues, the key here is that decisions that change if a value, attitude, or

risk perception varies must be made explicit in the design documentation.

The third step in the design process is the development of objectives, which are
essentially the design goals that have been further refined into values
quantifiable in engineering terms. Objectives might include mitigating the
consequences of a fire expressed in terms of dollar values, loss of life, or
maximum allowable conditions such as the extent of fire spread, temperature, or
spread of combustion products. Uncertainties arise here in risk perceptions and
values. There is both uncertainty and variability in the way people perceive and

value risk.

Capturing differences people have in their perceptions and values related to risk
is a necessary step in the design process. For example, it may be a goal of the
stakeholders to protect historical features of the building or to protect against
business interruption or loss of operating capability. Stakeholders with different
values may see these needs differently. It is important to identify where value

judgements enter into a performance-based calculation and to make any
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assumptions explicit regarding values and the impact of different values on the

final design.

The following discussion is focused on incorporating uncertainty directly into
Steps 4 — 8. Here, we develop a probabilistic design statement, develop a
distribution of statistically significant fire scenarios, calculate a set of values for
critical outcome criteria, and evaluate each candidate design to determine if the

design meets the performance criteria within acceptable uncertainty bounds.

3.3 Step 4. Develop Probabilistic Statement of
Performance

The fourth step in the design process is the development of probabilistic
statement(s) of performance, i.e., and criteria by which to judge the acceptability
of the design. These criteria are a further refinement of the design objectives and
contain numerical values to which the expected performance of the candidate
designs can be compared. Each probabilistic design statement contains a
minimum of four elements; probability, time, performance criteria, and threshold
value. For example, an objective may be to maintain tenable gas concentrations
in the corridor. A corresponding probabilistic design statement for life-safety
might specify “The design must allow for a 0.9 probability of having 4 minutes or
more before a temperature of 65°C is reached in the corridor.” Thus all four
elements are included, probability, time, performance criteria, and threshold

value. A location is also specified.

Chapter 3 Page 8



There are many issues to be addressed when establishing probabilistic
statements of performance. For example, which criterion should one evaluate?
One could select instead of or in addition to temperature, levels of carbon
monoxide, heat flux, or obscuration. There is disagreement in the literature as to
what values of each of these cause negative consequences. The negative
consequences must be defined, i.e. should the threshold values represent
incapacitation or lethality? Also, the probability element involves determining the
level of acceptable risk to the stakeholders and establishing criteria for time to
untenability involves understanding behavioral patterns of people in fire as well
as making value judgements as to which sub-populations one is trying to protect.
The sensitivity of the design to each element of the probabilistic statement of

performance is evaluated in Step 7b.

Based on this type of sensitivity analysis, a two-tiered probablistic statement of
performance may be developed based on any of the four elements as well as
location. For example, the probabilistic statement of performance may state, “The
design must allow for a 0.9 probability of having 4 minutes or more before
untenability based on a temperature of 65°C is reached AND a 0.9 probability of
having 6 minutes or more before 100°C is reached. * Other ways to specify the

design statement include:

Chapter 3 Page 9



- two probability levels, “ Design must have greater than or equal to a 0.95
probability of X AND a less than or equal to a 0.1 or more probability of
Y."

- Another variation is “Design must provide for a 0.9 probability of providing
4 minutes before 65°C is reached and a 0.9 probability of having 8

minutes or more before untenable gas conditions are reached.”

These are just a few of the possible specification options. Also, the location of
evaluation matters. Untenability can be evaluated as a minimum anywhere in
any room, including the room of origin, or it can be evaluated along the egress

path. These two analyses may give different results in terms of acceptability.

3.4 Step 5. Develop a Distribution of Design Fire
Scenarios

One of the most iMpoﬁant pieces of the methodology is how to generate a set of
realistic input scenarios. It is important that this set include a combination of
scenarios that represent statistically both the types of fires and the frequency at
which they occur in a given occupancy type. The input scenario generator
should integrate information about the uncertainty, variability, and correlational
structure of the input parameters. Using an appropriate sampling method (e.g.,
Monte Carlo Method), a set of any given number of fire scenarios may be
constructed. This distribution of scenarios generated will contain the typical

cases as well as the worst-case scenarios in the tails of the distribution. The
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steps involved in developing a distribution of design fire scenarios are: a)
selecting a calculation procedure; b) identifying the uncertain and crucial input
parameters; c) generating a distribution of design fire curves; d) defining
distributions of and modeling correlations among input parameters; and e)

selecting a sampling method and determining the number of scenarios.

35//Step 5a. Select Calculation Procedure(S)

The next step is to select the calculation procedure(s) to be used in the
performance-based design. There are a range of calculation tools and models
currently available. The Fire Protection Handbook provides a good overview of
the various types of fire models. [Beyler, 1991] Fire models are categorized as
shown in Figure 3-1. Which model or type of model is selected depends on
several factors, including the application of interest. Fire models can be used to
predict a hazard, predict a risk, reconstruct a fire, interpolate between or
extrapolate beyond test results, or evaluate a parametric variation. The
application of fire models for each of these purposes is discussed in [Nelson,
1991]. Each of these applications may have purpose at some stage of the

performance-based design process.

Fire models are classified into two broad classes: physical models and
mathematical models. Physical models are often used to determine taws
governing systems. Mathematical models are sets of equations that describe the

behavior of a physical system. Thus, physical and mathematical models are
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interrelated and complimentary. Physical models attempt to reproduce fire
phenomena ih a simplified physical situation. An example of a physical model is
a scale model which may be used in place of an expensive full-scale experiment.
The most widespread physical scaling laws in fire are known as “Froude
modeling,” which is applicable to buoyant flows associated with fires. Froude
modeling requires that the ratio of buoyant forces to inertia a forces be
maintained. Froude modeling has been used successfully to understand plume
flows, ceiling jet flows and flame heights. However, because different fir
phenomena scale differently, it is not generally possible to study complex fire
situations in small scale. For example, it is not possible to scale convective flows
and radiation at the same time thus Froude modeling cannot be applied readily to
firre problems where radiation is important. Physical modeling does not always
involve major reductions in physica! scale. Physical models may seek to simplify
complex phenhomena into a manageable and understandable problem. All

'standard fire tests are physical models of fire behavior.

Mathematical models are classified into special purpose and enclosure fire
models. Special-purpose fire models are designed for single-phenomena
analysis such as flame spread rate, flame height, time to flashover, time to
response of a smoke detector, or time needed for egress. Special purpose
models for calculation of each of these phenomena and many others are

described in [Walton and Budnick, 1991]. Enclosure fire models are used to
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predict the development over time of build-up of heat and products of combustion

in a single room or in a multi-room building.

Fire Models

Physical Models

-scale models
-standard fire tests

T

Mathematical Models

hY

L

Enclosure

Speciél Purpose ]

5.,

/

N

Deterministic Probabilistic
\ -network
Zone Field -statistical
_single room -k-e turbulence models
g -large eddy simulations
-multi-room .

-structural fire resistance
-egress

-response of sprinklers and
detectors

Figure 3-1. Classification of Types of Fire Models

Mathematical models are further classified into probabilistic and deterministic

models. Two types of probabilistic models are network and statistical. Network

models are fire growth models in which the transition from one fire stage to

another and the effectiveness of fire suppression systems, passive fire protection

and so on is govemed by user-assigned probabilities. Statistical models
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represent the probability of occurrence as it is determined from historical data.
Probabilistic fire models are described in more detail in the Fire Protection

Handbook. [Watts, 1991]

Deterministic models range from one-line correlations of data to highly complex
models requiring days of computing time. The unifying aspect of these
deterministic fire models is that the course of a fire is fixed by the variables that
establish the environment in which it occurs. The physical conditions that
determine progress and outcome of the fire are called the fire scenario. Thus, for
all deterministic fire models the formulation of the fire scenario is of critical

importance.

Deterministic fire models may be zone models or field models. The most
commonly used type of deterministic enclose fire model is the zone model. The
zone model concept divides the burning enclosure into several distinct zones
with uniform fire characteristics. Ordinary differential equations expressing
conservation of mass and energy are applied to each zone and solved
numerically in combination with empirically derived correlations for phenomena
not modeled from first principles, for example, entrainment. Typically, zone
models provide results in one dimension (e.g. upper layer thickness and
temperature, lower layer thickness and temperature). Early versions of zone
models calculated conditions in a single room only. Multi-room models capable

of calculating the build-up and spread of heat and products of combustion

Chapter 3 Page 14




throughout several rooms and several floors of a building are now available. An
overview of the leading zone fire models is given in [Walfon, 1995; Walton and

Budhnick, 1991].

Field models represent the second class of deterministic models. Field models

Y}

solve
element in a compartment space that has been divided into a grid of small cubes.
This calculation accounts for physical changes generated within the cube and
changes in the cube originating from surrounding cubes. This model permits the
user to determine the conditions at any point in the compartment. Field models
require significantly more computational time than do zone fire models but are
needed when key assumptions underlying zone fire modeils (e.g. uniform
properties of the upper and lower layers) do not hold. Examples are spaces with
large volumes and/or high ceiling heights. An overview of computational fluid

dynamics theory and a summary of selected field models are given in the SFPE

Handbook. [Stroup, 1995]

Field models are distinguished by the way they handie turbulence. The flows
occurring in room fires are turbulent, generating eddies or vortices of many sizes.
The energy contained in large vortices cascades down into smaller and smaller
vortices until the viscous forces dominate over the inertial forces and the energy
is diffused into heat. The scale at which this happens is much smaller than a

millimeter. Since spaces of interest to fire modelers are orders of magnitude
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larger, practical computational times limit the grid size to values much greater
than the smallest of practical turbulence; thus, models are needed to account for

the effect of small-scale fluid motion in the larger-scale control volumes.

One widely used turbulence model called the k-epsilon model, utilizes two
additional differential equations per control volume: k governs the distribution of
turbulent kinetic energy and epsilon governs the dissipation of the local energy.
These k-epsilon models use several empirical constants and less accurately
model behavior at the wall. A second approach to handling turbulence is the
large eddy simulation model, which has been used to carry out 3-dimensional
time-dependent simulations of fire. Smoke is simulated by tracking a iarge
number of Lagrangian elements originating in the fire. The grid size still exceeds
the minimum that would be required to model turbulence fully, so viscosity is
simulated as higher than it is by using a lower Reynolds number [Baum et al.,
1997]. The use of computer models to predict temperature and smoke
movement in high bay spaces has been studied using both enclosure zone fire
models and k-eplison field models. [Notarianni and Davis, 1993]. Comparisons
of fire model predications using several zone and field models were compared

with fire experiments conducted in an aircraft hangar [Davis et al., 1996).

To conduct a performance-based design with uncertainty as detailed in Table 3-1

and described in this chapter, many of the types of models described here may

play a role. For example, a deterministic fire model may be selected to estimate
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the build-up of heat and products of combustion throughout the building. The
performance-based design process with uncertainty treats the inputs to this
deterministic model as random variables; thus both statistical and physical
models are needed to develop representations of and correlations among the
input parameters. To judge acceptability of a design, additional special purpose
models may be used to calculate the time to activation of a sprinkler or detector,

the time needed to safely egress a building, or the time to structural failure.

The methodology for the quantitative treatment of uncertainty may be applied to
any of the types of fire models. The methodology addresses uncertainties in the
application of these tools; however, each of the calculation procedures or models
have inherent scientific uncertainties which arise when physical processes are
not modeled due to lack of knowledge of how to include them. When processes
are modeled based on empirically derived correlations, and/or when simplifying
assumptions are made for operational practicality of a model or calculation.
Scientific uncertainty inherent in the tools themselves are not addressed by the

methodology presented here.

Deterministic enclosure fire models share many of the same limitations. One
such limitation shared by fire calculation procedures is the absence of a fire
growth model. These models all require the user to specify the fire in terms of
the rate of energy and mass released by the burning item as a function of time.

Such data are obtained by measurements taken in large- and small-scale
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calorimeters, or from room burns. Potential sources of uncertainty include the
following: measurement errors related to the instrumentation; the degree to which
radiation feedback affects burning rates and combustion chemistry; uncertainties
due to scaling factors used to extrapolate smali-scale data to a full-size item: and
uncertainties related to the representativeness of the item burned to the actual
item ignited during an actual fire (e g. a couch or chair burned in a calorimeter
will not necessarily represent adequately the chair or couch in the building being

designed.

Other shared scientific uncertainties, particularly among zone fire models, result
from the following:

- All zone fire models divide each room into a small number of control
volumes, each of which is assumed internally uniform in temperature and
composition.

- Empirical correlations are used for flow and entrainment coefficients.

- There is a lack of knowledge regarding post-flashover chemistry.

- User-specified hydrocarbon ratios and species yields are used by these
models to predict concentrations in each room.

- Entrainment coefficients are empirically determined values, and while
small errors in these values will have a small affect on the fire plume or
the flow in the plume of gases exiting the door of that room; in multi-room

compartment models errors are multiplicative as the flow proceeds
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through many compartments, possibly resulting in a significant error in the
furthest rooms.
- No generally applied design or analysis procedures exist for the

interaction of the automatic sprinkler and the plume.

Uncertainties arise when physical processes are modeled based on empirically
derived correlations and/or simplifying assumptions are made. These factors lead
to uncertainties in the results. For most fire models and calculation procedures,
very different answers can result depending on the calculation limitations and
level of detail of the modeling. Computational limitations lead to simplifications
and approximations that induce uncertainty. Also, models are often used outside
of their intended applications due to poor documentation or misunderstandings.
Several researchers [Lantz, 2000; Siu et al., 1999] suggest methodologies to aid
in the identification of a model or set of models upon which predictions may be
based and to aid in quantifying the uncertainties inherent in the use of these
models. However, the method for the treatment of uncertainty presented in this
thesis does not address scientific uncertainties in the calculation methodology

itself.

3.6 Step 5b. Identify Uncertain and Crucial Input
Parameters

Once a calculation procedure is chosen and candidate designs have been

selected, the input parameters necessary for the calculation are evaluated. It
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must be determined which of the input parameters will be treated as uncertain.
Ideally, only parameters or combinations of parameters with uncertainty great
enough to change decisions regarding the final design are treated as uncertain.
These are referred to as the crucial variables. Unfortunately, we do not always
know a priori which of the input parameters possess crucial uncertainty.
Therefore, we must use a combination of judgement and results of previous
analyses. The uncertainty importance of each of the uncertain input
parametersis determined so that future analyses may be simplified. Eventually,
only a few key parameters may be needed to capture the uncertainty in sach

calculation.

3.7 Step 5¢c. Generate a Distribution of Design Fires

Design fire scenarios are made up of both possible fire events (heat release
rates curves) and characteristics of the material burning, of the building, and
other relevant information such as weather conditions. A set of design fires is
established to mimic the type and frequency of fires expected for that occupancy.
These design-fire curves are based on statistically collected data, judgement and

the goals of the design. Each design fire is assigned a likelihood of occurrence.
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3.8 Step 5d. Define Distributions of and Correlations
Among Other Input Parameters

The uncertainty and variability surrounding each variable must be captured in the
mathematical description of that variable. Any and all available knowledge
regarding the value of that parameter should be incorporated in the input
scenario generator. This includes empirically measured values, known variations,
and statistically compiled data. For example, for a given occupancy type, the
NFPA publishes statistical data on the percentage of fires that start in each
potential room of fire origin. This information should be incorporated into the
random scenario generator so that the generator mimics these statistics.
Distributions can be constructed for variables such as temperature, wind, and
relative humidity from regional data published by the national weather service
data. Methods for quantifying measurement uncertainty [American National
Standards Institute, 1997] are used to capture uncertainty and variability in
empirically measured parameters such as rates of production of products of
combustion. In many cases, where hard data do not exist and are not possible

to create, expert elicitation is needed to quantify the uncertainty.

When two or more variables are correlated, knowledge of the value of one
variable tells one something about the value of the other variable(s). Correlation
among variables is modeled so that the input scenario generator will not
generate unrealistic scenarios. For example, if the design incorporated a
weather module, a month of the year would be randomly selected. For that given

month, a value is sampled from an outdoor temperature distribution based on
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National Weather Service data for that region. Qutdoor temperature is correlated
to external pressure, wind, relative humidity, likelihood of windows/doors being
open, indoor temperature and pressure, and initial fuel temperature. This
prevents the software from generating, for example, a scenario where there is a
fire on a below freezing day in August in California, and all the windows are

open.

3.9 Step 5e. Select Sampling Method and Determine
Number of Scenarios

A sampling method, such as Monte Carlo, Latin Hypercube, or quasi-random
must be selected. By sampling 2 single value from each of the distributions in
the input scenario generator and combining those numbers with the values of
input parameters that are being treated as certain, any number of independent

fire scenarios may be generated.

A large number of scenarios increases the statistical significance of the results.
However, this relationship is dependent on the sampling method chosen and is
not linear. Using 2,000 runs may not provide any more insight than using 500.
The number of scenarios chosen depends upon: 1) the number of uncertain input
parameters, 2) the average calculation time per scenario for the calculation
procedure chosen, and 3) the statistical significance needed. When conducting
correlational analyses between inputs and outputs, one obtains importance or

correlation coefficients, ¢, between 0 and 1. Hald provides a formula for
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determining the relationship between the number of runs, n, and the statistical

significance (as measured by a t-test) of the correlation coefficient. [Hald, 1852]

C
t=—==(Vn-2) (34

vi—C
The value for ¢ is related to the confidence level which is typically chosen as

95%.

3.10 Step 6. Develop Candidate Designs

The candidate design is intended to meet the project requirements. A candidate
design includes proposed fire-protection systems, construction features, and
operations that are provided in order to meet the performance criteria when

evaluated using the design-fire scenarios.

3.11 Step 7. Evaluating Candidate Designs -
Introduction

Each candidate design must be evaluated using each design-fire scenario. The
evaluations indicate whether the candidate design will meet the elements of the
probabilistic statements of performance. Only candidate designs that meet the
performance criteria may be considered as final design proposals. Without the
quantitative treatment of uncertainties in the design, each calculation will provide
a point estimate only of the important outcome criteria. For example the

performance criteria for a design may be a 100°C maximum temperature
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reached in the upper layer. The time to an upper layer temperature of 100°C may
be predicted as 175 seconds, and the time to activation of a sprinkler may be
predicted as 171.2 seconds by a given computer model. Because the sprinkler is
predicted to activate before the performance criteria is exceeded, this would be
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to 100°C may be +/- 20 seconds. This would mean that the temperature in the
room may reach 100°C at 155 seconds or before activation of the sprinkler.
Also, the predicted time to activation of the sprinkler has an uncertainty

surrounding it as does the temperature at which untenability might actually occur.

The performance-based design process with uncertainty will aid in the calculation
of a range of possible values for each key outcome criterion instead of a single
point value. This methodology is useful for and may need to be applied to
several parts of the design calculations. For example, it couid be applied to the
calculation of upper layer temperatures, to the prediction of time to response of

devices, and to the prediction of time needed to egress a building.

3.12 Step 7a. Calculate a Set of Values for Each
Outcome Criterion

A single value will be determined for each outcome criterion calculated for each
design-fire scenario run. Much information can be obtained from observation of
both the range of values for criteria of interest and from cumulative distribution

functions generated from the set of all values.
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If criteria are time series values, each scenario will predict a different curve of the
key outcome criteria vs. time. For example, if upper layer temperature is the
criterion of interest, four design fire scenarios would produce four curves of upper
layer vs. time. Figure 3-2 shows a representative graph of the value of outcome
criterion A plotted against time from ignition (in seconds). For any give design,
there would be as many curves as there are design fire scenarios caiculated.
One can see that the curves vary in both the magnitude of the peak value and in

the time to the peak value.
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Figure 3-2. Variation in Prediction of Time Series

Values of Outcome Criterion A

The range of values predicted from the set of design-fire scenarios represents

the uncertainty in the value of the outcome criterion. From the set of predicted
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values of a single outcome criterion, a cumulative distribution function may be
generated. This is done by graphing the value of the criterion against its rank
order. For example, for n design-fire scenarios, n values of a given criterion are
generated. These values are then sorted in descending order. The largest value
is graphed vs. 1/n the second largest against 2/n .... and the smallest value

against n/n or one.

An example of a cumulative distribution function (CDF) is shown in Figure 3-3.
The time to reach a threshold value of one or more of the tenability criteria, that
is, a value determined to cause injury or death, can be determined from the time
series predictions. The threshold value may be a particular temperature or
carbon monoxide level or a parameter used to represent some synergistic effect
of a combination of the tenability variables. One value of time to untenability is
obtained for each scenario run. The set of all possible values provides a

distribution of the outcome criteria.

Figure 3-3 shows that for the distribution of design fire scenarios, there is almost
a 1.0 probability that the time to a critical value of criterion A is 30 seconds or
more. Likewise, there is a 0.75 probability that the time to this value is 120
seconds or more, a 0.50 probability that it is 180 seconds or more, and a 0.1

probability that it is 390 seconds or more.
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3.13 Step 7b. Determine Sensitivity of Outcome Criteria
to Elements of Probabilistic Statement of
Performance

The sensitivity of key outcome criteria to each of the four elements of the
probabilistic statement of performance upon which a design is judged must be
known before should policy and good design practice can be established.
- Elements such as criteria, threshold values, probabilities, and times are not
mandated nor agreed upon by fire safety and health professionals nor the public.

Therefore, major conclusions of all designs shouid be checked in order to
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demonstrate the sensitivity to uncertainty in each of these elements. This might
include checking for times to untenable temperature, carbon monoxide, carbon
dioxide, and reduction in oxygen. It may include checking for synergistic effects
of the presence of these substances. It may also be appropriate to evaluate for

heat flux and visibility.

The same design may be judged on two different performance criteria or by two
different critical values of the same performance criterion. Figure 3-4 shows an
example of time to untenability based on different values of upper layer
temperature. This type of presentation could also be used to determine what the
affect on time to untenability is by selecting a group of tenability criteria or by

including different sets of components in the specification of tenability criteria.

This type of evaluation is a good way to focus discussions among stakeholders
as to what the tenability criteriz need to be, what the effect the selection of
different threshold values of tenability criteria are, what probability level is
acceptable to the stakeholders, and how to select the final design. At the end of
this step, final performance criteria must be selected for use in judging

acceptability of designs and choosing a final design.
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3.14 Step 7c. Evaluate Base Case

Depending upon the needs and the scope of the project, it is helpful to compare
a candidate design to a base-case design. The base case can be the design that
meets the prescriptive-code, the design that includes the fire-protection options
currently in the building, or the design with no active fire suppression systems.
The purpose of having a base case is to benchmark the effects of fire on the

building and the building conditions against each of the designs.
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In Figure 3-5, the results of multiple scenario runs are used to show the
probability of safe egress graphed against the time to untenable conditions for
two different designs. Design 1 and Design 2 may represent two different
performance designs or a performance design and a prescriptive design. Reiss
discusses the need for this comparative approach [Reiss, 1998]. The graph
shows two design curves that exhibit crossover. Design 1 provides a higher
probability of tenability out to 50 seconds; however, Design 2 provides a higher

probability of tenability at longer times.

Another way that the acceptability of a design is judged is by comparison of the
level of safety provided to the level of safety provided by the corresponding
prescriptive design. There is uncertainty associated with the prescriptive design
also. The prescriptive code will mandate certain building materials and fire-
detection and suppression schemes. However, uncertainty and variability remain
in the weather, ventilation conditions, human behavioral aspects, and where and
how the fire will start. Thus, multiple scenarios can be constructed in a parallel
manner to that shown above, holding as constants those factors required by the
prescriptive code. Thus, a CDF for the prescriptive code can be generated and

compared to the CDF for the performance code.
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3.15 Step 7d. Determine The Effect Of Each Candidate
Design On Each Of The Scenarios

To compare two different candidate designs, we may want to look at the
distribution of differences between the two designs based on the final selected
performance criteria. One may consider differences between a design and the
reference base case or differences in time to untenability provided by Design 1
vs. Design 2. For example, Figure 3-6 is a cumulative distribution function of the
difference in time to untenability provided by Design 1 minus the time to

untenability provided by Design 2.
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Figure 3-6 shows that there is a 0.25 probability that Design 1 will provide a
longer time to untenable conditions than Design 2. Conversely, there is a 0.75
probability that Design 2 will provide a longer time to untenability than Design 1
and a 0.25 probability that the difference will be 100 or more seconds better. In
selecting a final design, it may be helpful to investigate what factors might iead to
Design 1 providing more time to untenability vs. Design two, which could point

out ways to improve the design.
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3.16 Step 7e. Evaluate Uncertainty Importance

An importance analysis is a particular type of sensitivity analysis that determines
which of the uncertain input variables contributes most to the uncertainty in the
outcome variable. The results are used simplify future performance-based
designs by identifying the one or two, or small group of most important inlputs.
Importance here is measured by the correlation between the output value and
each uncertain input. Each variable’s importance is calculated on a scale from 0
to 1 (or —1). A correlation of 0 indicates that uncertainty in the input variable has

no affect on the uncertainty in the output parameter.

The input parameters can be correlated to composite or derived outcomes, (i.e.,
an outcome that is not directly an output of the model but one that is derived from
the output data). Likewise, input variables can be combined (for example, the
volume of a room can be determined from the dimenéion). Room volume may be
correlated with key outcome criteria, for example, peak temperature or time to

peak temperature.

Importance analysis can be used to simplify a future uncertainty analysis by
determining the input uncertainties that are most crucial. This can simplify the
process for a class of buildings and can demonstrate where additional research
would be effective in reducing uncertainty and insuring a safer, more predictable
building. It must be remembered, however, that correlation does not equal
causation. Thus, any apparent strong correlation that is counter intuitive should

be investigated with should engineering judgement. Also, for each design, the
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value of the correlation coefficient that is statistically significant will depend on

the number of scenarios run and the sampling method used.

3.17 Step 8. Judging A Design’s Acceptability Based
on All Four Elements of Probabilistic
Statement of Perforimance

There are two ways to judge acceptability of a design. The first is based on the
minimum time to untenability anywhere in the building, including the room of
origin. The second is the time to untenability along the egress path. In general,
for both cases, cumulative distribution functions are used to judge acceptability
of a design. For example, Figure 3-3 is a cumulative distribution function of the
time to a specific value of criterion A in the room of origin. If the probabilistic
statement of performance required a 0.9 praobability of having 30 seconds or
more before reaching this value, it can be determined from the CDF that this
criterion is met. In fact, Figure 3-3 shows that there is a 0.9 probability of having
80 seconds or more. However, if the probabilistic statement of performance
requires a 1.0 probability of having 50 seconds or more, Figure 3-3 shows that
this criteria is not met because the CDF demonstrates a 1.0 probability of having

only 30 seconds or more.
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Another way of judging the acceptability of a performance-based design is with a
time-to-egress analysis. The time needed to egress a building is often
represented in the literature as the time to detect the fire, plus the time to react,

pius the time to travel to a safe place. This is represented mathematically below:

time egress < tiMe untenabinty (3.2)

time egress = tiMe getect + tiMe react + tiMe travel (3.3)

One problem with this approach is that it is very difficult to predict human
behavior in terms of reaction time and travel time in a fire event. There is both
variability due to age and health of the individual and uncertainty as to individual
goals and concerns (e.g., will the person try to fight the fire, locate valuables,
réscue pets, or notify other occupants about the fire). The methodology
described in this chapter may be applied to egress calculations, however, since
these are difficult to predict, it is suggested that perhaps these are best handled
as societal and policy decisions. Regulatory decisions may be made as to the
available safe egress time. For example, more time may be mandated for a
health-care facility, where patients may be non-ambulatory and/or asleep at the
time of the fire, than in an office building where occupants are generally awake

and healthy.
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3.18 Steps 9-10  Select Final Design and Prepare
Documentation

Candidate designs that satisfy the probabilistic design statement(s) may be
considered for selection as the final design. When more than one candidate
design meets all four elements of the probabilistic statement of performance,
other factors such as cost and preference are considered. When considering
multiple designs or designs with very different features, a multi-criteria decision

analysis model may be developed to aid in selecting the final design.

Proper documentation of a performance design is critical and should be written
so that all parties involved understand what is necessary for the design
implementation, maintenance, and continuity of the fire protection design. The
SFPE Guide to Performance-Based design suggests that the documentation
have four parts: the fire-protection engineering design brief, the performance
design report, the detailed specifications and drawings, and the building
operations and maintenance manual. It is important that the performance-
based design report convey the expected hazards, risks, and expected
performance over the entire building life. It should include the project scope,
goal, and objectives, the probabilistic design statements, a discussion of the

design fires and design fire scenarios, and any critical design assumptions.
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4. APPLICATION OF METHODOLOGY TO A
CASE STUDY

In order to demonstrate application of the performance-based design process
with uncertainty and as to answer several research questions, the methodology
is applied to a case study of an actual building. Although described in sequential
order, development of the methodology and its application to the case study
occurred concurrently.  An jterative learning process helped refine the
methodology into a process that is both usable and modular. Many lessons were
learned in the application of the case study. These are described as an aid in

conducting future studies.

Because of the dual purposes of this case study, no conclusions are or should be
drawn about fire-protection options for this particular building. In several
instances, representations of input parameters were selected to answer a
specific research question and varied from, or were different than, the actual
parameters of the case study. Through calculation of the case study, however,
many techniques are demonstrated, and generalized insights can be drawn that
should be useful to a wide variety of stakeholders. Chapter 4 guides the reader
from the establishment of goals and objectives through the generation and
calculation of a set of design fire scenarios for the case study (steps 1-5e of
Figure 3-1). Chapter 5 will present the analysis of the results of the calculations

and the process of selecting a final design (steps 6 - 10).
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4.1 Selection of A Case Study

The case study presented here is based on a larger performance-based design
that was first presented in 1998 at the 2™ International Conference on
Performance-Based Codes and Fire Safety Design Methods [Sulflivan, 1998].

The building is an existing residential high-rise building built in the early 1960’s.
Massachusetts General Law requires that the building be retrofitted throughout
with automatic sprinklers. Performance-based design solutions are allowed and
were investigated as an alternative to providing full sprinkler coverage throughout
the building. The potential for such an engineering analysis has recently been
realized in the United States through the “equivalent level of fire safety” concept
by the Federal Fire Safety Act of 1992 and defined by the United States General

Services Administration in 1994.

The building is a sixteen-story reinforced concrete and masonry building with a
basement. The building represent Type 1B noncombustible construction. Each
story is approximately 1,400 m? and 2.7 m high. The typical floor layout consists
of a common corridor in the center of the building with dwelling units on each
side and stairwells at both ends. There are two-hour ﬁre resistant rated-walls
between the dwelling units and two-hour fire resistaht rated floor/ceiling
assemblies throughout the building. The building consists of studio, one-bedroom

and two-bedroom units.
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4.2 Steps 1-3. Scope, Goals and Objectives

The scope of this analysis is limited to a one-bedroom unit in the building. Figure
4-1 provides a schematic of the apartment layout modeled including room
dimensions and vent numbers. The design intent is to determine the time
available for safe egress with no sprinklers as well as installation of automatic fire
sprinklers in various locations. Note that the scope of this study, conducted to
demonstrate application of uncertainty analysis, is smaller than the scope of the
original case study that was tasked to make decisions regarding multiple fire

protection options for the entire building.

The original design had six performance goals that qualitatively addressed life-
safety intentions and were agreed upon by the stakeholders. The full set is listed

here for interest. The current case study addresses goals 1-4.

1) Limit the probability of fatalities or major injuries to those occupants
intimate with the fire ignition.

2) Limit the probability of minor injuries to those occupants in the dwelling
unit of fire origin.

3) Limit the probability of reaching hazardous levels of smoke and toxic
gases to the dwelling unit of fire origin before safe egress can be
achieved. At no point in time should the smoke conditions in any
compartment endanger persons in those compartments or prevent egress

through those compartments.
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4) Limit the probability that occupants outside the unit of fire origin will be
exposed to the products of combustion in a manner that causes injury.

5) Limit the flame damage to within the dwelling unit of fire origin (this
includes taking into account the possibility of exposure up the exterior of
the building).

6) Limit the incident to one manageable by the fire department‘without
major commitment of resources or excessive danger to firefighters during

all phases of fire department operation.

4.3 Step4.  Selection of Performance Criteria and
Range of Values

The next step in the process requires the selection of performance criteria that
will satisfy the design objectives and will be used to evaluate the candidate
designs. A complete statement of the design criteria must include several
elements: the performance criterion (or set of criteria), threshold value(s), and the
required probability of having a specified length of time to reach threshold levels.
For example, because this is a life-safety design, one complete épecification of
the design criteria might be, “design for a 80% probability of having two minutes
or more before untenability based on a criterion of 65°C reached anywhere on

the egress path.”
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Figure 4-1. One Bedroom Apartment Layout (not to scale)
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Eventually, these design criteria could be standardized by a regulatory authority
for a given class of buildings and occupant characteristics. For example, designs
may be required to provide longer times to untenability and/or be based on more
stringent tenability criteria for nursing homes, where occupants are elderly and/or
sick, and also may be asleep or medicated, versus an office building. However,
before design criteria can be appropriately set by either a regulatory body for a
class of buildings or by a group of stakeholders for a specific building, studies are
needed on the difference in predicted times to untenability based on selecting
different measures of tenability and on the uncertainties surrounding the critical
threshold levels of these measures. This case study provides one such data set
that compares time to untenability based on various performance criteria
discussed in the literature and of interest in a residential setting. It is a fairly

comprehensive but not exhaustive look at occupant effects.

4.3.1 Potential Effects on Occupants

There are a number of potential effects on occupants during a fire. These include
impaired vision from the smoke, pain to the exposed skin and the upper
respiratory tract followed by burns, hyperthermia due to the effects of heat
preventing escape and leading to collapse, and asphyxiation due to inhalation of
toxic gases. All of these effects can lead to permanent injury and, except for
impaired vision from smoke, can be fatal if the degree of exposure is sufficient.
For a hazard assessment, the major considerations are 1) the time when affects

are likely to occur that might influence occupant behavior and delay escape, 2)
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the time when incapacitating effects are likely to occur that might prevent escape,
and 3) the likelihood that exposure will result in permanent injury or death. Thus,
loss of tenability can occur from smoke, irritants, asphyxiates, or heat. These

effects lie on a continuum from little or no effect at low levels to relatively severe

4.3.2 Uncertainties Related to Critical Exposure Levels

Purser explains that the methods for assessing the effects of toxic gases are
based partly on reported effects in humans and partly upon experimental data
from animal studies. These methods involve either the exposure dose or
poncentration predicted to produce a given effect on humans exposed to fire
effluent. However, different individuals will exhibit a variable response based on
many factors, the most important of which are age and health of the
cardiovascular and pulmonary systems. Individual exposure doses or
rconcentrations for the response would in practice be statistically distributed

around the mode in a probability curve.

Also, many of the values given in the literature for animal populations are LCsps.
An LCs represents the concentration causing 50% of the animals to die for a
given exposure time. In fire-protection engineering, we want to design for an LCo,
or the concentration below, which no lethal effects are observed. Many of the
LCso values reported in the literature were assessed over a 30-minute time frame.

In fire-protection engineering practice, however, it is also important to predict
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what will happen to a subject exposed to a higher concentration for a shorter

period of time.

Although there are uncertainties related to critical exposure levels, it is necessary
to make some estimate of the point where conditions become so severe in terms
of these hazards that effective escape attempts are likely to cease, and where
occupants are likely to suffer severe incapacitation, injuries, or death. In a design
context for buildings, the important consideration is to set reasonable tenability
limits for occupants to use a particular escape route or remain in a place of
safety. It must be determined what the likely effects of any exposure are on the
capability of occupants to escape. Because of uncertainty in the applicability of
animal data to humans, variations among response of human sub-populations,
designing for no lethal effects, and the potential difference in time frames,

scientists and engineers have suggested a wide range of values suitable as

design tenability criteria.

4.3.3 Concentration Multiplied Times "Time Effects vs.
Thresholds”

Limits of safe exposure can be defined based on the moment at which a critical
threshold value is reached; for example, the moment at which CO reaches a
level of 4,000 ppm or the moment at which temperature reaches 100°C. A
second way to define exposure limits is an integral approach. For some
toxicants, particularly the asphyxiant gases such as CO and HCN, incapacitation

or death occurs when the victim has inhaled a particular (concentration for a
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period of time, which is termed a toxic dose. In order to make some estimate of
the likely toxic hazard in a particular fire, it is necessary to determine the point in
time during the course of the fire exposure that the victim will have inhaled a toxic
dose. This can be achieved by integrating concentration of toxicant under
consideration over time. When the integral is equal to the toxic dose, the victim

can be assumed to have received a dose capable of producing that toxic effect.

4.3.4 Review of Literature Related to Life Safety

The safe levels of exposure of the human population to fire effluent toxicants is
discussed in detail by Purser [Purser, 1995; Purser, 1999]. A review of research
related to establishing safe exposure limits is given by [Peacock, 1989]. Here,
we will provide only a brief summary of the Iiteraturé, and the reader is referred to
these more complete documents. Our purpose is to identify the types of fire
effluents known to cause adverse reactions in humans and to identify the range
of values believed to be acceptable. Table 4-1 lists the tenability criteria
identified and the threshold vaiues found in the literature. A distinction is made
between those that have potential to reduce visibility, cause incapacitation, and
cause death. A second distinction is made between those values that are
reported in the scientific literature and those that have been suggested as design

values.

Chapter 4, Page 11



4.3.5 Temperature

Incapacitation and death can occur due to the affects of convected and radiated
heat. Purser describes three ways in which heat may lead to incapacitation;
through heat stroke (hyperthermia), skin pains and burns, or respiratory tract
burns. However, the effects of temperature as an exposure limit under fire
conditions has not been well studied. A search of the literature conducted by
NIST in order to set tenability limits for its computer program, Hazard 1 [Peacock,
1989] reports that heat stress has been primarily studied in the industfial hygiene

literature under conditions of prolonged exposure, typically 8 hours.

Ir_\ fires, exposure temperatures are typically higher and exposure times shorter.
Also in fires, the temperature at which adverse effects are noted depends not
only on the exposure time but also on additional factors such as the relative
humidity and the interaction of temperature with toxic gases. In the room of fire
‘origin, the humidity level is high due to the production of water vapor from the
fire. Human tolerance for heat decreases when exposed to air saturated with
water vapor. There are no published studies to date on the combined effects of
heat and toxic gases. The NIST Hazard 1 manual sets a limiting temperature
due to incapacitation of 65°C and a limiting temperature for death at 100°C. The
design value used for the original case study, is 150°C for five minutes [Sullivan,

1998].
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4.3.6 Layer Height

Reduction in visibility as well as exposure to fire effluent gases and elevated
temperatures occur when the hot upper layer descends to the head height of the
occupants. Two heights that are meaningful to look at are 1.6 m above the floor
and 0.91 m above the floor, corresponding roughly to the average height of an
adult standing or walking and to a level above the ground that allows for crawling

underneath the layer.

4.3.7 Visibility

The effects of smoke produced by a fire depend on the amount of smoke and on
the properties of the smoke. Smoke emission is a function of the material
burning and the combustion conditions under which smoke is produced —
flaming, pyrolysis, and smoldering affect the amount and character of the smoke.
Smoke production and properties are discussed in [Mulholland, 1995). The
smoke emission, together with the flow pattern, determine the smoke
concentration as smoke moves throughout the building. Optically dense smoke
affects exit choice and escape decisions, ability to find and/or follow a path of
egress, and the speed of movement of the occupants. At an optical density (OD)
of 0.2/m for irritant smoke and 0.5/m for non-irritant smoke, walking speeds have
been shown to decrease from an average of 1.2 m/s to 0.3 m/s. Under these
conditions people behaved as if they were in total darkness, feeling their way

along the walls.

Chapter 4, Page 13




Purser found that smoke irritants consist of inorganic acid gases (such as
hydrogen chioride) and organic compounds, particularly low molecular weight
aldehydes, formaldehyde and acrolein. The yields of inorganic acid gases in fires
depend mainly on the elemental composition of the materials being burned, while
the yields of smoke and organic irritants depends mainly upon the decomposition
conditions in the fire. In general, smoldering or vitiated fires tend to produce
iritant smoke while well-ventilated flaming fires tend to produce non-irritant
smokes. Purser suggests an optical density design tenability limit for buildings

with small enclosures and travel distances of 0.2/m.

4.3.8 Asphyxiant Gases

Although smoke and irritant gases are likely to delay and inhibit escape attempts,
they are unlikely to be the main cause of collapse or death during a fire. The
main agents responsible for causing loss of consciousness in a fire are the
asphyxiant gases. All asphyxiant gases cause incapacitation by impairing oxygen
availability to the body tissues. Purser has done substantial research on
identifying the important asphyxiant gases evolved from different materials
involved in fires, determining how they interact to produce incapacitation and
developing predictive models of time to incapacitation in fires [Purser, 1995;
Purser, 1999]. His experiments have shown that only a small number of
asphyxiant gases are important in fires. These are carbon monoxide, hydrogen

cyanide, carbon dioxide, and reduced oxygen.
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4.3.8.1 Carbon Monoxide

The best known of the asphyxiant fire gases is carbon monoxide. Carbon
monoxide reduces the carriage of oxygen by hemoglobin in the blood and its
release to the tissues. Carboxyhaemoglobin (COHb) remains in the blood for
some time after exposure and is stable for many days, making determination of

the extent of the exposure after the event possible.

The effects of carbon monoxide during a fire depend upon the dose inhaled over
a period of time. A high concentration of CO inhaled for a short time can be
equivalent to a low concentration inhaled over a longer time. Purser reports that
incapacitation (loss of consciousness) occurs when an exposure dose of 25,000
ppm-min is achieved. Based on Haber's rule, which states that the toxicity
depends upon the dose accumulated, this may be expressed approximately in
terms of the concentration inhaled muitiplied by the exposure time expressed in
ppm-min. Other values have been reported or proposed in the literature for
threshold values of carbon monoxide. The Hazard 1 manual reports an LCsp
value for humans of 3,000 ppm CO based on a 30-minute exposure [Peacock,
1989]. Levin reports an LCsp value of 6,600 ppm based on a 30-minute exposure

on rats [Levin, 1996].

Because of the many uncertainties in transiating a 30-minute exposure value that

causes death for 50% of the test subjects to a threshold concentration that
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causes zero deaths to the occupants, a range of design values have been used

in the literature. These are shown in table 4-1.

4.3.8.2 Hydrogen Cyanide

Hydrogen cyanide is another asphyxiant gas that can be important in fires.
Hydrogen cyanide is released in any fire of a fuel containing nitrogen, including
acrylic fabrics, fire-retarded cotton fabrics, nylon, wool, and polyurethane foam.
Some untreated materials such as wood, paper, and untreated cotton contain
very little nitrogen and are not sources of cyanide in fires. The result is that most
fires involving mixed materials are likely to produce greater or lesser amount of

cyanide depending upon the main items involved and the fire conditions.

Unlike carbon monoxide, which stays in the blood as COHb, hydrogen cyanide,
spreads rapidly into the tissues. This rapid transfer into the tissues has two
effects. When a person is exposed to HCN in a fire, the concentration builds up
rapidly in the blood, brain, and heart causing rapid collapse; thus, HCN is
sometimes referred to as a “knock-down® gas. Purser reports that at
concentrations of HCN up to around 100 ppm, time to incapacitation is around 20
minutes, but at concentrations approaching 200 ppm, the time to incapacitation is
around 2 minutes. Also, once the cyanide disperses throughout body tissues,
the HCN in blood drops, making post-analysis quantification of the exposure

difficult. Hydrogen cyanide was not modeled for this case study; however, when
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building an input scenario generator, it is important to consider if the fuel sources

contains nitrogen.

4.3.8.3 Carbon Dioxide

Another important gas is carbon dioxide, which acts mainly by causing an
increase in the rate of uptake of other asphyxiant gases and by replacing O..
Time to untenability based on carbon dioxide is not evaluated because it is
reported that for carbon dioxide alone to be toxic, a single gas concentration of
470,000 ppm would have to be reached in a room. In a real fire, the highest
theoretically possible concentration of CO; is 21%, a concentration that could
occur only in the uniikely event that all the atmospheric O, was converted to CO»,
Therefore, CO2 concentrations generated in fires are not lethal. However, CO; is
a respiratory stimulant causing an increase in both respiratory rate and tidal
volume. When combined with other gases such as carbon monoxide, CO; has a
synergistic toxicological effect, i.e. the toxicity of the other gases are increased in

the presence of CO..

4.3.8.4 Reduction in Oxygen

Oxygen deprivation is a special case of gas toxicity. The Hazard 1 manual
suggests that incapacitation alone occurs when oxygen levels drop to
approxirhately 10%. Levin suggests an LCsp value (for 30 minutes) for oxygen

alone to be 5.4% [Levin, 1996].
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4.3.9 N-Gas Model/ Fractional Effective Dose

Fire toxicologists believe that the observed effect of the exposure of animals and
humans to the products generated by burning materials can be explained by the
impact of the combined effect of a small number (N) of key gases actually
released during combustion. Thus, these models are referred to as N-Gas
models. There are different versions of the model; however, all models include
the effects of carbon monoxide, carbon dioxide, hydrogen cyanide, and reduced
oxygen. The combined effect of these gases is expressed using a parameter
called Fractional Effective Dose (FED). The FED parameter calculates the time
to a toxic dose of combustion gases, assuming that the total observed effect
equals the sum of the effects of each of the component parts. If one receives
50% of a lethal dose of one gas and 50% of a lethal dose of another, death will
occur. This has been demonstrated for CO and HCN. However, more work is

needed to identify synergistic and antagonistic effects among gases.

Time to untenability due to the combined effect of the key fire gases modeled
was calculated using both the Hazard 1 FED equation referred to in this
document as “H-FED”, and the FED equation suggested by Purser referred to in

this document as “P-FED’. The Hazard 1 equation is as follows:

( 3

Ca Cor  92-Co| (@.1)

Cco *80000 ) 100,000-C... | 3100 154
Cco ~1700 100, 000

(Hozard)FED = ) At
(

Chapter 4, Page 18



Where Ceco,Cco2, CO2 and Cucn are the average concentrations over the time
interval and At is the length of the time interval (min). For the Hazard 1 equation,
death is assumed to occur at a H-FED value of one. Incapacitation is assumed to

occur at a H-FED value of 0.5.

Purser also gives an equation to predict incapacitation due to exposure to a

combination of fire gases.

(Purser)FEDw = (FEDico+ FEDia)VCO: + FEDro (4.2)

Where:

FED\n = fraction of an incapacitating dose of all asphyxiant gases
FEDco = fraction of an incapacitating dose of CO

FEDicn = fraction of an incapacitating dose of HCN

Veo2 = multiplication factor for CO2 induced hyperventilation
FED,o = fraction of an incapacitating dose of low oxygen hypoxia

FEDico = (8.2925 x 10™ X ppm CO %) X #/30 (4.3)
FEDicn = ((exp[CN}/43))t/220 (4.4)
VCO, = exp([CO.J/4) (4.5)
FED\o = t/exp [8.13 — 0.54(20.9 - %0,)] (4.6)

In the P-FED equation, a value of 1.0 indicates incapacitation. Death is expected
to occur at two times that value. Purser suggests using a design value of 0.1 P-
FED in order to allow for differences in sensitivity, to protect susceptible human

sub-populations, and to allow for safe escape of nearly all exposed individuals.
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4.3.10 Flashover

Flashover is a phenomena which occurs when a number of interrelated criteria
reach critical values. These include an upper layer temperature of around 600°C.
Because flashover is marked by the instantaneous ignition of all unburned fuel in

the room, it serves as an upper bound for tenability.

4.3.11 Probabilistic Statement of Performance Selected for
Design Analysis

Table 4-1 summarizes the performance criteria that will be used in the evaluation
of the design fire scenarios. Cumulative distribution functions for probability vs.
time to untenability are constructed for the various tenability criteria and threshold
values. From these, insights can be drawn for all fqur elements of probabilistic

design statements. These results are presented in Chapter 5.

Table 4-1. Performance Criteria and Threshold Values

Performance Threshold Threshold References
Criteria Incapacitation Death
Temperature 65°C 100°C Hazard 1
150°C, 5 min Sullivan, design
Layer height 1.6m Head height
091 m Crawl height
Smoke optical 0.5/m Purser, darkness
density 0.2/m Purser —design
cO 25,000 ppm-min Purser
1,500 ppm Stroup - design
2,000 ppm, 5min Sullivan — design
3,000 ppm Hazard 1
6,600 ppm Levin
02 10% Hazard 1
5.4% Levin
FED 0.1 Purser egn. Design
1.0 Purser eqn. 4.2
0.5 Hazard 1 eqn. 4.1
2 Purser eqn. 4.2
1 Hazard 1. egn 4.1
Flashover 600°C
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44 Step 5. Development of Distribution of Design
Fire Scenarios

One of the most important elements of a performance-based design is the
specification of the fire scenarios. As defined in the Guide to Performance-
Based Analysis and Design for Buildings [SFPE, 1999], design fire curves are an
engineering description of the development of a fire. Design-fire curves are time
based and éstablish a relationship between the heat release rate of the fire and
time. Design fire curves are a vital part of the technical or engineering

manifestation of design-fire scenarios.

The full design fire scenario is made up of the design fire curve along with
building and occupant characteristics. Building characteristics include
architectural features and construction of the compartments of interest as well as
interconnections between compartments. In the performance-based design
“process without uncertainty, the stakeholders agree on a small number of design
fire scenarios. In the performance-based design process with uncertainty, the
design fire curves are established but also a statistical likelihood is assigned to
each curve, creating a distribution of design fire curves. Steps 5 — 5e describe
the building of a random scenario generator used to develop a number of design

fire scenarios.

The generation of a set of design fire scenarios involves defining distributions for

and correlations among each of the uncertain input parameters identified in Step
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5b, creating an input scenario generator, selecting a sampling method, and
determining the number of scenarios to calculate. Figure 4-2 shows the process

used for this case study.

As shown in the figure, the output from the input scenario generator is a number
of CFAST input files. Software was written to automatically generate input files in
the correct format for CFAST. Additional software was written to run these files

in batch mode and to generate output files.

The generation of a set of design fire scenarios for the case study has two
purposes. One is to demonstrate the use of the methodology for the quantitative
treatment of uncertainty, and the other is to answer questions regarding the
effect of variations in the input parameters on the predictions of the fire model.
When faced with a choice of representation of the input parameters to be
accurate to this specific building, or to address research questions, allowances in
accuracy to the case study were made. Thus, results are representative but
should not be used in decision making for this specific building. Application of
the methodology to a real building was part of the iterative process of
methodology development and refinement. Lessons learned from this iterative

process are discussed in Chapter 7.

Chapter 4, Page 22



Input Variables
Run Number 1 2 3 4 . 200
Random 1
Number 2 Realistic Distributions Around Nominal Values
Generator 3 Comelations Between Variables
; 50
500 CFAST || 500 CFAST
Input Files Output Files
" Batch Runs
Tie(Soonct) It Vaiaies
RoNms| 0 © 2 2 . & 1 2 . 20
1
4 ExhRoami(i7)
3 Exch Tenability ritiaj (17)
L D W G D
Rank Order L I N A A
Inputs/Outputs ::_w \ | s

0.4_”;___“_1,_”
N 0 100 200 300

Figure 4-2. Process Diagram for Case Study
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4.5 Step 5a. Selection and Engineering Overview
of Calculation Procedure

4.5.1 Selection of a Fire Model

A mathematical model was needed that was capable of dealing with muiltiple
rooms and ventilations since the design being investigated has seven rooms with
twelve doors and windows. In addition, a model was needed that would provide
an estimation of temperature and thickness of the hot upper layer, estimation of
species concentrations, estimation of the time to flashover, and an indication of
the visibility for each compartment. A choice between the faster run times of a
zone model and the increased resolution of a field model must be made for a

given design.

For this case study, it was determined that the assumptions underlying a zone
model would be adequate to model these average size rooms and that a field
model was not needed. The calculation procedure selected here is the
deterministic computer fire model CFAST, a multi-room enclosure zone fire
model that is a product of the National Institute of Standards and Technology.

[Peacock, 1997].

The NFPA Fire Protection Handbook [Walton and Budnick, 1991] and the SFPE
Handbook of Fire Protection Engineering [Walton, 1995} both provide overviews
of the leading enclosure zone fire models. The enclosure zone fire models ASET

[Walton, 1985], and FIRST [Mitler and Rockett, 1987] are single-room enclosure
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fire models. COMPBRN Il is based on an assumption of fires involving large fuel
loads and is used for the assessment of risk in the nuclear power industry.
COMPF2 [Babrauskas, 1979] and CSTBZ1 are enclosure zone fire models for
calculating characteristics of post-flashover fires. Other enclosure zone fire
models such as FPETOOL [Nelson, 1990] and FASTLite rely on greatly
simplified engineering models. LAVENT is a program developed to simulate the
environment and the response of sprinkler elements in compartment fires with

draft curtains and fusible-link-actuated ceiling vents. [Cooper, 1990]

Thus CFAST was selected because it is fhe best currently supported enclosure
zone fire model capable of handling this multi-room, multi-vent simulation and
predicting the many key outcomes needed for evaluation of the performance-
based designs. In addition, CFAST is used internationally to conduct
performance-based fire engineering calculations, it was used in the original
performance-based design of this building, and access to the source code for
CFAST was available through NIST. Full documentation for CFAST is available
in two publications, a technical reference guide [Jones et al., 2000] and a user’s

guide [Peacock et al., 1997].

4.5.2 History of CFAST and Enclosure Zone Modeling at NIST

In 1983, NIST began development of the enclosure zone fire model FAST
[Jones, 1985]. This was the first implementatijon of a zone model using a

complete set of ordinary differential equations for the conservation of mass,
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energy, and momentum. This provided for a faster and more robust solution to
the problem of fire growth and smoke transport. It included potential for free burn
and vitiated fires in the lower and upper layers as well as through doors and
windows, however, it was limited to six rooms because of computer memory
limitations at that time. In 1985, NIST began development of the enclosure zone
fire model CCFM [Cooper and Forney, 1990a; Cooper and Forney, 1990b].
CCFM was a well-structured two-layer zone model. Through the 1980’s and
1990's, many advances in enclosure zone fire modeling were made at including
increasing the number of possible compartments to 15, mechanical ventilation,
entrainment into lower layers, multiple fires, and external wind. In 1989, a
complete hazard assessment methodology , Hazard 1 was released
accompanied by software that included the enclosure model FAST as well as
special purpose models to calculate egress time, time to activation of detectors,
and time to untenability. In 1990, the restructured FAST became CFAST, which
was functionally equivalent to FAST. FAST is now the name for an interactive

program used to generate input data files for and run the CFAST model.

4.5.3 Engineering Overview of CFAST

CFAST is a deterministic model capable of predicting the environment in a multi-
compartment structure subjected to a fire. It calculates the time evolving
distribution of smoke and fire gases and the temperature throughout a building
during a user-specified fire. CFAST is a member of a class of models referred to

as zone models. In a Zone model, each room is divided into a small number of
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volumes (called layers), each of which is assumed to be intemally uniform. That
is, the temperature, smoke and gas concentrations within each layer are
assumed to be exactly the same at every point. Specifically in CFAST, each
room is divided into an upper and lower layer. This assumption is based on
experimental observations that in a fire, room conditions do stratify into two
distinct layers. While variations in conditions within a layer can be measured,
these are generally small compared to differences between the layers. (This
assumption is less valid in large volume, high ceiling height spaces as is shown

in [Davis ef al., 1996; Notarianni and Davis, 1993].)

CFAST solves a set of equations that predict state variables (e.g. pressure and
temperature) based on the conservation of energy, mass, and momentum, plus

the ideal gas law.

4.5.3.1 Fires

Within CFAST, the fire converts the fuel that is burned into enthalpy from the
heat of combustion and products from the yield of a particular species as a
conversion factor. The rate at which burning occurs must be specified as an
input parameter. Where insufficient oxygen is entrained into the fire plume,
unburned fuel will successively move into and burn in the upper layer of the fire
room; the plume in the doorway to the next room; the upper layer of the next
room; the plume in the doorway to the third room; and so forth until it is

consumed or gets to the outside.
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Similar to other current fire models, CFAST includes no a combustion model and

is unable to predict fire growth or species production rates.

4.5.3.2 Plumes and Layers

Above any burning object, a plume is formed which is not considered to be a part
of either layer, but which acts as a pump for enthalpy and mass from the lower
layer into the upper layer. Figure 4-3 shows a plume from a chair fire and the
formation of the hot upper layer. The other source of mixing between the layers
occurs at vents such as doors and windows. Here, there is mixing at the
boundary of the opposing flows moving into and out of the room. CFAST uses
empirically derived correlations to determine the amount of mass moved between

layers by the plume and to determine the degree of mixing.

Examples of phenomena which are not included in CFAST are sources of
convection such as radiators or diffusers of heating and air conditioning systems,
and the downward flows of gases caused by cooling at the walls, which causes
mixing. Also, the plumes are assumed not to be affected by other flows that may
occur. For example, if a burning object is near a door, the strong inflow of air
would cause the plume axis to lean away from the door and affect entrainment of

gases into the plume. This phenomena is not considered in CFAST.
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Each room is divided into two layers, the upper and lower. At the start of a
simulation, the upper layer volume is near zero. As enthalpy and mass are
pumped into the upper layer by the fire plume, the upper layer expands in
volume, causing the lower layer to decrease in volume and the interface to move
downward. If the door to the next room has a soffit, there can be no flow through
the vent from the upper layer until the interface reaches the bottom of that soffit.
In the early stages, the expanding upper layer will push down on the lower layer

air and force it into the next compartment through the vent by expansion.

Figure 4-3. Two-Layer Enclosure Zone Fire Model

Once the interface reaches the soffit level, a door plume forms and flow from the
fire room to the next room is initiated. As smoke flow from the fire room fills the
second room, the lower layer of air in the second room is pushed down, pushing
some of this lower layer air back into the fire room. Thus, a vent between the fire

room and connecting rooms can have simultaneous, opposing flows of air. All
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flows are driven by pressure differences and density differences that result from
temperature differences and layer depths. Thus, the key to getting the right flow

is to correctly distribute the fire’s mass and enthalpy between the layers.

4.5.3.3 Vent Flow

Flow through vents is governed by the pressure difference across a vent. There
are two situations that give rise to vent flow. The first is that of air or smoke which
is driven from a compartment by buoyancy. The second type is due to expansion,
which is particularly important when conditions in the fire environment are
changing rapidly. Flow through vents is the dominant phenomenon in a fire
model because it fluctuates most rapidly and transfers the greatest amount of

enthalpy on an instantaneous basis of all the source terms.

4.5.3.4 Heat Transfer

Heat transfer is the mechanism by which the gas layers exchange energy with
their surroundings. Convective heat transfer occurs from the layers to the room
surfaces. The heat transferred in the simulations conducts through the wall,
ceiling, or floor in the direction perpendicular to the surface conduction parallel to
the wall is not considered. CFAST aliows different material to be used for the
ceiling, floor, and walls of each room. Material thermophysica! properties are
assumed to be constant, although it is known that they actually vary with

temperature. This assumption is made because data over the required
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temperature range is scarce even for common materials; and because the

variation is relatively small for most materials.

Radiative heat transfer occurs among the fire, gas layers and compartment
surfaces. This transfer is a function of the temperature differences and the
emissivity of the gas layers as well as the compartment surfaces. For the fire
and typical surfaces, emissivity values only vary over a small range. For the gas
layers, however, the emissivity is a function of the concentration of species which
are strong radiators, predominately smoke particulates, carbon dioxide, and

water.

Errors in the species concentrations can thus give rise to errors in the distribution
of enthalpy among the layers, which results in errors in temperatures, causing in
errors in the flows. This illustrates just how tightly coupled the predictions made

by CFAST are.

4.5.3.5 Species Concentrations and Deposition

Each layer starts out initially composed of air at a temperature specified by the
user. As fuel is pyrolyzed, the various species are produced in direct relation to
the mass of fuel burned (this relationship is the user-specified species production
rate per mass of fuel burned). These include carbon dioxide, carbon monoxide,

water, soot, hydrogen cyanide, and hydrogen chloride.
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Each unit mass of a species produced is carried in the flow to the various rooms
and accumulates in the layers. The model keeps track of the mass of each
species in each layer and knows the volume of each layer as a function of time.
The mass divided by the volume is the mass concentration, which along with the

molecular weight, gives the concentration in volume percent or ppm.

4.5.3.6 Assumptions and Limitations

As can be seen from the descriptions of the various fire phenomena in CFAST,
fire modeling involves an interdisciplinary consideration of physics, chemistry,
fluid mechanics, and heat transfer. In some areas, fundamental laws can be
used, whereas in others empirical correlations must be employed to bridge gaps
in existing knowledge. The necessary approximations required by operational
practicality result in the introduction of uncertainties in the results. The user must
understand the inherent assumptions and limitations of the program and use
these programs judiciously in order to make meaningful estimates of these

uncertainties.

4.5.4 Mechanics of Running CFAST

As with any computer calculation, the quality of the calculated result is directly
related to the quality of the inputs provided by the user. CFAST is intended for
use only by those competent in the field of fire safety and is intended only to
supplement the informed judgement of the qualified user. However, developing

appropriate inputs for a realistic simulation of typical fire scenarios can be an
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imposing task. Default values are provided for some of the input parameters;
however, little or no additional information is provided to the user to aid in the
selection of input values. Inputs can be entered via the creation of an input file or
through a graphica! user interface. The many inputs needed to run CFAST are
described below, and justification is provided for treating them as certain or
uncertain. CFAST runs on a desktop computer in MS-DOS. Run times vary from

a few minutes to many hours.

4.6 Step 5b. Identification of Uncertain Input Parameters

The number of user-specified inputs to run a single-design fire scenario is
dependent upon many factors such as the number of compartments, the number
of doors and windows, and the length of the simulation. For the seven room
apartment layout being studied here, a typical data file (one set of input
parameters to run one design fire scenario) for CFAST approximately 450 input
specifications.  After reviewing each input, 203 were identified as having

uncertainty and/or variability worthy of investigation in the full analysis.

These parameters can be classified into seven categories. The categories are
weather, building geometry, ventilation, building materials, fire variables,
products of combustion, and chemistry. Weather parameters include factors
such as internal and external temperature and pressure, wind, and relative
humidity. For the weather data, the goal was to capture the monthly variability in

each parameter and to correlate the different parameters.
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Building-geometry parameters describe the apartment layout and dimensions of
each of the compartments; the interest here is the effects on key outcome criteria
of small variations in geometry. Ventilation parameters describe the connections
between compartments such as doors and windows and connection between a
compartment and the outside. By varying the opening position of doors and
windows, we should be able to quantify the effect of ventilation on key fire

parameters.

Fire variables include the growth rate constants described in Step 5c¢, the heat of
combustion, the radiative fractidn, and the location and position of the fire.
Products of combustion include the rates of generation of chemical species per
amount of fuel burned. Chemistry variables include gas ignition temperatures,
lower oxygen limits, and molecular weight. Parameters such as the chemistry
variables and the heat of combustion are often left by the design engineer at their
default values. One goal of this study is to determine the effect of changes in
these values. Each of the input parameters and its mathematical representation

is detailed in the next section.

4.7 Step 5c¢. Generate a Distribution of Design Fire Curves

The growth rate of an upholstered furniture fire may be quite fast. Upholstered
couches have been measured reaching a peak heat release rate of 5,125 kW in

just 175 seconds from ignition. Other items may burn slower such as a metal
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frame chair with minimum cushion or a plywood bookcase with an aluminum

frame.

NIST has developed a large-scale calorimeter for measuring the heat release
rates of burning furniture. Staff burned over 40 items of furniture and measured
the heat release rates over time. Differences in the burning characteristics were
in terms of the peak heat release rate and in the time to reach the peak rate
[Lawson et al.,, 1983]. Many of these fires, were found to follow a quadratic
growth rate, with the heat release rate, Q, given by:

Q = af?

V\(here: Q is in kW, t is the time from ignition in seconds and « is the fire growth
rate constant. Based on the results of these tests, values of o were used to
define slow, medium, fast, and ultrafast growth rate fires as shown in Table 4-2.

The correspohding heat release rates over time are shown in Figure 4-4.

Table 4-2. Design Fire Growth Rates

Fire Growth Rate o Likelihood
Of Occurrence
Slow 0.00293 0.20
Medium 0.01172 0.50
Fast 0.04689 0.25
Ultra fast ' 0.18756 0.50
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Figure 4-4. Design Fire Curves

It is impossible to know a priori what the rate of fire growth will be. Educated
guesses can be made based on statistics provided on the item first ignited;
however, as the NIST studies show common furniture such as mattress and
bedding, upholstered furniture, and bookcases may burn slowly or rapidly as a
function of many non-intuitive factors. When conducting an analysis for a specific

building, a range of design fires should be used.

4.8 Step 5d. Define Distributions of and Model Correlations
Among Other Input Parameters

This section describes an important step in the generation of a set of design fire
scenarios. Each variable identified in Step 5b as having potentially significant
uncertainty is assigned a distribution. These distributions are based on a
combination of the fire-protection literature, experimental data, observations,

judgement, expert elicitation, and modeling.
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4.8.1 Weather Module

In the weather module, a month of the year is randomly selected. For that month,
a value is sampled from a normal! distribution for external temperature taken from
National Weather Service data. Temperature is correlated to external pressure,
wind, relative humidity, opening of windows/doors, internal temperature and
pressure, and initial fuel temperature. A correlated vector of weather values is

generated.

Correlations used in the weather module were determined through an expert
elicitation of a climatologist [Ribesy, 1999]. Table 4-3 shows the resuits of that
elicitation. The computer program @RISK was then used to generate a set of
correlated values for temperature, pressure, wind, and relative humidity. The
values generated were then used in the input scenario generator. Table 4-4
shows the representation of the weather variables in the input scenario

generator.

Table 4-3. Correlation Coefficients for Weather Parameters

TEMP | PRESSURE WIND HUMIDITY
Temp 1 0.3 -0.5 0.7
Pressure 07 T o5 0
Wind 0.6 06 ] OE
Humidity 0.7 0.7 0E 5
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4.8.2 Building Geometry Module

The second module is the building geometry module. Many of the dynamics of
the buildup and spread of heat and products of combustion in a building subject
to a fire are a function of the building layout and the individual compartment
sizes. Thus, many of the calculations in CFAST use as inputs aspects of the
compartment dimensions and the dimensions of the vent openings to other
rooms. Sensitivity of the critical outcome criteria to varying room dimensions and
vent dimensions +/- 10% was studied in order to determine if a similar apartment
with slightly different dimensions would require a separate simulation. Table 4-5

shows the input distributions for each parameter.

4.8.3 Ventilation Module

The ventilation module contains parameters that describe the percent openings
of each vent. A value of one indicates a fully open vent. A value of 0.5 indicates
a half-open vent and a value of 0.1 is used for a closed vent with some leakage.
Vents 6,7, and 9 are windows to the outside of the building. For this case study,
percent opening of the windows is correlated to the month of the year. The
windows are assumed open in spring and fall and closed in the winter. Opening

position of other vents is random as specified in Table 4-5.
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Table 4.4 Weather Module

VARIABLE NAME RANGE/FORMULA CORRELATIONS SOURCE
internal temperature, K | INTEMP Uniform (286-295.4) INTPRESS Engineering
judgement
Internal pressure, Pa INTPRESS | Uniform (101300, 107300) INTEMP
External temperature, K | EXTEMP Based on distribuhons for month EXPRESS, National
WINDSPD, Weather Service
CHRH, MONTH Data
External pressure, Pa EXPRESS | Pressure in Pa from the @Risk EXTEMP,
simulations WINDSPD,
CHRH, MONTH
Wind speed, m/s WINDSPD | Based on month and @risk EXTEMP,
EXPRESS,
WINDSPD,
MONTH
Cosine of angle WINDS, Uniform (-1,1) Uncorrelated
between wind direction 7,912
Aand yant Arnanin~
G v VUI II. U'JUI Hi i
Percent opening of CV6, CV7, | Based on month, see table 4-6 MONTH Limits allowed in
vents to outside Cv9 CFAST
(windows )
Month of year MONTH Uniform (1,12) Window Dummy Variable
Relative humidity, % CHRH [F(uniform(0,1)<0.8,ROUND(uniform ' EXPRESS
(0,1)*10+50,0),(uniform(0,1)*100,0)) | EXTEMP
WINDSPD
Initial fuel temp, °K CHIFT Equal to internal temperature INTEMP
' Month of the year is used here as a dummy variable. It is not an input parameter to CFAST
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4.8.4 Building Materials Module

Each construction material possesses its own set of thermo-physical properties
such as specific heat, emissivity, and density. Although the construction
materials for this specific building are known, it is important to know how
predictions are affected by changes in building materials. Several different
common building materials that might be found in an apartment building were
selected for evaluation in the input scenario generator. For a given design
scenario, once a material is selected for a building component, (e.g. wall
material), that material is used in all compartments. The materials evaluated in
this study are concrete, gypsum, hardwood, cellulose, and gyplast. Table 4-7

shows their representation in the input scenario generator.

4.8.5 Fire Parameters Module

For the case study, statistics were gathered for residential buildings and in
particular for apartment buildings. The NFPA publishes data for apartment
buildings on room of origin of apartment fires [Hall, 1994 #56]. Table 4-8
summarizes this data relevant to our case study.

The fire location in the room was allowed to vary randomly across the full x- and
y- dimensions of that room; the fire location was assigned a higher likelihood of
being in the bottom half of the room. The heats of combustion were taken from
the fire literature for the material burning. Table 4-9 shows the representation of

these parameters in the input scenario generator.
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4.8.6 Products of Combustion Module

These parameters describe the composition of the pyrolyzed fuel. The CO
parameter is the ratio of the mass of carbon monoxide to carbon dioxide
produced by the oxidation of the fuel in units of kg/kg. The OD parameter is the
ratio of the mass of carbon to carbon dioxide produced by the oxidation of the
fuel. These values used for each of these parameters represent production rates
for wood, plastic, and foam reported in the literature. Values of CO, OD, and heat

of combustion are correlated by material burning. [Tewarson, 1995]

4.8.7 Chemistry Module

The chemistry module contains the lower oxygen limit (LOL), the gas ignition
temperature (GIT), and the molecular weight of the fuel vapor. The LOL is the
limit on the ratio of oxygen to other gases in the system below which a flame will
not burn. The GIT is the minimum temperature for ignition of the fuel as it flows
from a compartment through a vent into another compartment. The molecular
weight refers to the weight of the fuel vapor. These parameters are user-
specified inputs; however, in design practice, these are normally left at the
program default values. Therefore, it is of interest to know how changes in the
value of these parameters affect predictions of key outcome criteria. Table 4-11
shows the representation of the chemistry parameters in the input scenario

generator.
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windows to ouiside

Ciosed summer and winter (0.1)

Table 4-5 Building Geometry Modul
VARIABLE NAME RANGE OR CORRELATIONS SOURCE
FORMULA
Width of each room WIDTH1,... WIDTH7 +/- 10% of dimension Buiiding geomeitry Room dimensions
parameters are locations of door and
Depth of each room DEPTH1.....DEPTH7 +/- 10% of dimension | uncorrelated windows, etc. taken
from original case
Height of each room HEIGHT1...HEIGHT7 90% =2.44; 10% = study
uniform (') 39 2. AQ\
With of vent HVWTH1.. HVWTH12 | +/-10% of vent wudth
Height of soffitt | SOFFITT1...SOFFITT1 | +/- 10% of soffitt height
2
Height of windowsill SILL1, SILL4, SILLe-7, | +/- 10% of dimension ,
SILL7, SILLY i
Tabie 4-6 Ventiiation Moduie
VARIABLE NAME RANGE OR FORMULA CORRELATIONS SOURC
Percent opening of | CV6, CV7, CV9 | Open spring and fall (1.0) Month of year Assumed open

spring and fall,

clacod eirimmar and
WAVIId ST W QA

winter

Percent opening of
other vents

CV1 to CV5, CV,
CV10-CV12

40% probability of being closed with
10% ieakage(0.1)
qn% nrobability of beina o

W U AT Y T v

{

\
30% probability of being partlal y
open (0.5)

Not correlated

Assumed




Table 4-7 Building Materials Module

VARIABLE NAME RANGE OR CORRELATIONS SOURCE
FORMULA
Ceiling Materials CEILI....CEILI7 20% concrete Correlated to Selected common
20% gypsum materials used in building materials for
20% hardwood other compartments residential high-rise

Wall Materials

WALLS1... WALLS7

20% cellulose
20% gyplast

Floor Materials

FLOOR1...FLOOR?7

50% concrete
25% hardwood
25% cellulose

- apartment buildings,

values of thermo-

-physical properties

from CFAST database

Table 4-8. Room of Origin of Apartment Fires

ROOM OF ORIGIN

ORIGINATING HERE

% OF FIRES

Living room

9%

Balcony

10%

Bedroom

13%

Kitchen

30%

Bathroom

10%

Entranceway

10%

Corridor

18%
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Table 4-9 Fire Parameters Module

VARIABLE NAME RANGE OR FORMULA | CORRELATIONS SOURCE
Heat of Combustion, CHHOC 50% 8500000 oD, CO [Tewarson, 1995]
Jikg 20%15000000
25% 9000000
5% 20000000
Radiative Fraction 60% 0.25 Uncorrelated SFPE Handbook
40% uniform (0.15,0.35)
Heat Release Rate, Q = alpha*t’ alpha Uncorrelated
Watts" slow = .00293 (20%)
med = .01172 (50%)
fast = .04689 (25%)
ultra fast = .18756 (5%)
Origin ORIGIN | See table 4-8 above Uncorrelated NFPA statistics
x-position, y-position, FPOSX, FPOSY For each room, uniform Uncorrelated Fire position varies
m distribution across full over the range of x
depth and width and y coordinates of
the room
z-position, m FPOSZ 90% uniform (0,1) Uncorrelated Assumed based on

10% rand()*1.95m

statistics and
judgement, more fires
in lower half of room

"heat release rate could be correlated with first item ignited
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Table 4-10 Products of Combustion Module

VARIABLE NAME RANGE OR CORRELATIONS SOURCE
FORMULA
Kg toxic combustion CT 20% 0.1 uncorrelated [Peacock, 1989]
products/ kg fuel : 80% 1.0
pyrolyzed 20% 0.1
Ration of CO/CO; CO 50% 0.0035 oD [Tewarson, 1995]
20% 0.0174
25% 0.95
5% 0.016
Ratio of C/CO, oD 50% 0.015 cO [Tewarson, 1995]
20% 0.041
25% 0.1655
5% 0.1105
Table 4-11 Chemistry Module
VARIABLE NAME RANGE OR FORMULA | CORRELATIONS SOURCE
Lower oxygen limit LOL Uniform'(6,12) Uncorrelated Varied around default
of 10
Gas ignition temperature GIT CHIFT + Uniform (-20,50) Initial fuel Varied around initial
‘ temperature fuel temperature
Molecular weight MW Uniform (7,13) Uncorrelated Varied around default
of 16 |
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4.9 Step 5e. Selection of Sampling Method and
Determination of Number of Scenarios

For this study, a Monte Carlo analysis was used. The input scenario generator
was built mainly in Excel. Modules with multiple correlated variables such as the
weather module were built in @RISK, and the sets of values generated were

then transferred to the input scenario generator in Excel.

Initially, 40 prototype test scenarios were conducted and analyzed.
Subsequently, 500 scenarios were used in this study to generate statistics to
ensure the sampling method was operating properly. Calculation time per
scenario ranged from under one hour to over 18 days, with a total time of 6

months required to complete the final 500.

4.10 Step 6. Development of Candidate Designs

For this case study, there are four candidate designs. Design 1 is the case with
no sprinklers. Design 2 has fire sprinklers in the corridor only, and Design 3 has
sprinklers in the corridor and a quick-response sidewall sprinkler head in the
entranceway of the dwelling unit. Design 4has sprinklers in the corridor,
entranceway and kitchen. Sprinkler heads are rated for an activation temperature

1/2

of 57°C and have a response time index of 50 ((m-s)"“). The response time

index is a measure of the thermal mass of the sprinkler element.

These four sprinkler options are meaningful for this building due to cost

considerations. In lieu of a full retrofit of an automatic sprinkler system, which is
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very expensive, the building owner wants to evaluate the effectiveness of a
partial sprinkler system. One option would be to sprinkler the corridor only. This
should improve the probability of safe egress for the occupants. Another option is
to sprinkler the entranceway of each apartment in addition to the corridors. The
entranceway is a common point to all egress routes and is relatively less
expensive to sprinkler during a retrofit than other areas of the apartment. In
addition, installation of automatic sprinklers in the kitchen may be necessary to
meet the probabilistic statement of performance because approximately 30% of

fires originate in the kitchen.

4.11 Running the Scenarios

The 500 design fire scenarios calculated for this case study had a wide range of
run times. Several of the scenarios ran in less than a minute and some took over
one week to ﬁnish. None of 500 scenarios crashed. The scenarios were run in
‘batch mode. Several programs were written at NIST to automate the process of
1) creating CFAST input files from the numbers in the input scenario generator,
2) running the CFAST files in batch mode and creating CFAST output files, and

3) generating Excel spreadsheets for data analysis.
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5. RESULTS OF THE CASE STUDY

This chapter presents results from the 500 scenarios calculated for this case
study. It parallels Steps 7d —10 of Table 3-1, the Performance-Based Design
Process with Uncertainty. As discussed in Section 4.3, studies are needed on the
sensitivity of time to untenability as a function of different performance measures
and different critical threshold levels for these measures. Section 5.1
demonstrates concepts related to performance criteria through discussion of
sensitivity of time to threshold values of temperature. Section 5.2, addresses six
other performance criteria discussed in Section 4.3 and for each performance
criterion evaluated, measures of sensitivity to the threshold value are determined.
Knowing the sensitivity of predictions of time to untenability (time available for
safe egress) is important to establishing policy for the four elements of a
probabilistic statement of performance, performance criteria, threshold values,

probability, and time.

In Sectién 5.3, we look at the base case for this study, which is Design 1, (no
sprinklers). An egress analysis is conducted for the base case, and in Section
5.4, the probability vs. time to untenability for the base case is compared to the
probability vs. time to untenability for Design 2, (sprinklers in the corridor), Design
3, (sprinklers in the corridor and entranceway), and Design 4 (sprinklers in the
corridor, entranceway, and kitchen). In Section 5.5, the uncertainty importance of

the input variables is evaluated. An uncertainty importance analysis provides
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information that can help simplify future analyses, aid in the establishment of
research priorities, and suggest targeted improvements to the models. Sections
56 and 5.7 discuss evaluation of the acceptability of each of the candidate

designs, selection of a final design and documentation.

5.1 Step 7d. Cumulative Distribution Functions for
Time to Untenable Temperature and
Sensitivity to Threshold Values

Figure 5.1 shows a cumulative distribution function (CDF) of time to untenability
based on a performance criterion of 100°C in the upper layer. The CDF of time
to untenability is constructed from the 500 CFAST predictions of upper layer

temperature using the procedure described in Section 3.10.2.

robability

e L

0 60 120 180 240 300 360 420 480
Time {seconds)

Figure 5-1. Minimum Time to 100°C (seconds)
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Figure 5-1. shows a 0.9 probability of having 40 seconds or more until 100°C is

reached in the upper layer and a 0.5 probability of having 90 seconds or more.

Sensitivity of time to untenability based on the threshold value of temperature is
indicated in Figures 5-2 — 54. In Figure 5-2, the CDF for a performance criterion
of 100° C is compared to the CDF for performance criteria of 65°C and 150°C .
Here, consistently, the time to untenability in the room of origin is roughly double
at the 150°C threshold than it is at the 65°C threshold. At the 0.9 probability level
the time to reach 65°C is 30 seconds compared to 60 seconds to reach 150°C.
At the 0.5 probability level, the time to reach 65°C is 70 seconds compared to

120 seconds to reach 150°C.

0.9

Probability

e o o o o
» N =2} ~ x
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60 120 180 240 300 360 420 480
Time (seconds)
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Figure 5-2. Time to Threshold Temperature
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-100

Probability

Figure 5-3. Sensitivity of Time to Untenability as a
Function of Threshold Temperature

In Figure 5-3, sensitivity of the difference in time to a threshold temperature of
65°C and 150°C relative to the time to reach 100°C is shown as a function of
probability. It is important to note that the significance in selecting one
temperature threshold over another decreases as the probability increases. For
example, if we chose to make fire-safety decisions at the 0.9 probability level, the
difference in time to reach a threshold temperature of 65°C, typically
representative of an incapacitation, and the time to reach a threshold

temperature of 100°C, typically representative of lethality, is only 10 seconds. At
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the 0.5 probability leve!, this difference is only 20 seconds. The implication is that

200

180 1~

160

140

120

100

60

Time to Threshold Temperature

40

0 50 100 150 200 250 300
Threshold Value of Temperature (°C)

Figure 5.4 Time to Threshold Value of Upper Layer Temperature

Efforts to standardize performance criteria should be focused on which measures
of performance are most meaningful not on the threshold level of temperature.
Figure 5-4 shows a plot of threshold value for temperature in °C vs. time to
threshold temperature at the 0.5 and 0.2 probability levels. Figure 5-4 provides a
demonstration of the type of information that can be obtained from this type of

analysis.

Design engineers sometime use a time element in the specification of

performance criteria. The CDFs in Figure 5-5 show the time to reach 150°C as a
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threshold value and the time to reach and maintain at least 150°C for 5 minutes.
However, one must be careful when using time elements in tenability criteria. A

scientific study may show that a person can withstand a

0.9

0.8

0.7
150 °C for § min. -

206

0.5

robabilit

150 °c

D04

0.3

0.2

0.1
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Time (seconds)

Figure 5-5. Time to Untenable Temperaturé

temperature of 120°C for 12 minutes. However, in a fire, the temperature is not
constant but rather rises exponentially with time. In this case, counting from when
the temperature first reaches 150°C to the end of the five- minute interval, the

temperature could have reached as high 1000°C or more.
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This evaluation only looks at temperature. In a real fire, smoke and asphyxiant
gases as well as temperature can also lead to untenability of a room or cprridor.
The evaluation of time to untenability based on single performance criterion other
than temperature as well as the time to untenability based on selecting

combinations of performance criteria is discussed in Section 5.2.

The CDF’s in Figures 5.1 - 5.5 are based on the minimum time to the threshold
value anywhere in the apartment, which for temperature is always the room of
origin. These CDF’s provide time to egress safely from the room of origin. In
order to set policies on calculating safe egress, one wouid like to know how
sensitive time to untenability is as a function of different rooms in the apartment.
Times to untenability elsewhere in the apartment outside the room of origin are

expected to be longer.

One location central to most egress paths is the entranceway, the only door
leading to the outside of the apartment. Figure 5.6 shows the CDF for time to
untenability in the entranceway compared to the CDF for time to untenability in

the room of origin.

Figure 5-6 shows that there is a 0.9 probability that the room of origin will remain
at or below 100°C for 40 seconds or more. Figure 5-6. also shows that the
entranceway will remain at or below 100°C for double that time or roughly 80

seconds or more. There is less difference between the time to untenability at the
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100% level because 10% of the fires originate in the entranceway. Seventeen
percent of fire scenarios never reach 100°C in the entranceway. These are
shown by the solid vertical line in Figure 5.6 at an x-axis value of 480 seconds.
Given that 10% of the fire scenarios start in the hall and an additional 17% that
never reach untenability, 72% of the fire scenarios that start in a room other than

the entranceway and make the entranceway untenable.

Entranceway

- £ 0.6 T Roomol
=) Origin

0 60 120 180 240 300 360 420 480
Time (seconds)

Figure 5-6. Time to 100°C Room of Origin vs. Entranceway

Given that time to untenability in the entranceway and time to untenability in the
room of origin differs by at least a factor of two, an egress analysis that evaluates
conditions in each room along the path of egress is warranted. Section 5.3.2

address egress analysis.
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5.2 Step 7e. Effect of Performance Criteria Selected

In Section 4.3, we discussed several criteria for determining time to untenability.
This section presents cumulative distribution functions and measures of

sensitivity of the time available for safe egress based on each of these criterion.

5.2.1 Layer height

A performance criterion useful in design calculations is the height of the upper
layer. Reduction in visibility as well as exposure to fire effluent gases and
elevated temperatures occurs when the hot upper layer descends to the head
height of the occupants. A person can lessen exposure for some time by
keeping his/her head out of the hot upper layer, by crawling along the floor during
egress. Figure 5-7 shows the time to decent of the upper layer to a height of 1.6
m above the floor and a height of 0.91 m above the floor. These heights
correspond roughly to the average height of an adult standing or walking along a
path of egress and to a level above the ground that allows for crawling

underneath the layer.
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Figure 5-7. Time to Layer Decent

The CDF’s in Figure 5-7 show a 0.9 probability of having 20 seconds or more
until the layer reaches head height and 80 seconds or more before it reaches
0.91m above the floor. Correspondingly, there is a 0.5 probability of having 40
seconds or more before the layer reaches head height and 180 s or more before
it reachés 0.91m above the floor. Thus, time to untenability is sensitive to layer
height, showing a factor of three tc five difference. Therefore, there is value in

public education relating to staying low during egress.

5.2.2 Visibility

Figure 5-8 shows the time to an optical density of 0.2/m and the time to an optical

density of 0.5 /m. Both the cumulative distribution function for time to 0.2/m and
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the cumulative distribution function for time to 0.5/m show a 0.9 probability of
having 10 seconds or more before these obscuration conditions are reached. Our
simulations only record values every 10 seconds. Thus, this result can be
interpreted as that there is a 0.9 probability that within the first 10 seconds of the
fire, an obscuration of 0.2/m is reached and before that 10-second time interval is

up, an obscuration of 0.5/m is reached.

Probability

240 300 360 420 480
Time (seconds)

Figure 5-8. Time to Reduced Visibility

The cumulative distribution functions for optical density do not differ significantly.
The results for this case study indicate that the difference between setting design
criteria of 0.2/m and 0.5/m is not significant. Also, reduction in visibility is

correléted with exposure to the upper layer.

Chapter 5 — Page 12




5.2.3 Carbon Monoxide

Shown in Figure 5-9 are the cumulative distribution functions for threshold values
of 1500 ppm and 3,000 ppm of carbon monoxide. If evaluating the first time
tenability is exceeded anywhere in the apartment, the time to untenability due to
temperature is always shorter than the time to untenability based on carbon
monoxide alone, even at the most conservative threshold value for carbon
monoxide. This is because the first time tenability is exceed is in the room of
origin (where there is a fire). Outside the room of origin however, occupants may

first encounter a build-up of asphyxiating gases.
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Figure 5-9. Time to Threshold Values of Carbon Monoxide
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5.2.4 Oxygen deprivation

Figure 5-10 shows the cumulative distribution functions of time to threshold
oxygen concentrations. Figure 5-10 shows that there exists a 0.9 probability of
having 130 seconds or more until the oxygen concentration drops below 10%
and a 0.9 probability of having 150 seconds before the oxygen concentration
drops below 5.4%. For this case study, time to untenability is not very sensitive to
these oxygen thresholds. Also, similar to carbon monoxide, oxygen alone is not

likely to be the first tenability criterion to be exceeded in the apartment.
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Figure 5-10. Time to Oxygen Threshold Value
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5.2.5 Fractional Effective Dose/N-Gas Model

Figures 5-11 — 5-13 show the time to threshold values of fractional effective dose
calculated using the Hazard equation (H-FED) and the Purser equations (P-FED)
presented in Section 4.3.9. Figure 5-11 and 5-12 demonstrate that the difference
between a 0.9 probability value for time to incapacitation and a 0.9 probability
value for time to death are not very different. For the Hazard calculations, this
difference is approximately 20 seconds and stays roughly constant across all

probability levels.

Probability

0.1 : ]

0 1 T I 1 T 1 ¥
0 60 120 180 240 300 360 420 480

Time (seconds)

Figure 5-11. Comparison of Time to Incapacitation, Death- H-FED

The Purser equations give predictions that are also close together. Atthe 0.9

probability level, the difference in time to P-FED 1.0, incapacitation and P-FED
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of 2.0, death is also only 20 seconds. The cumulative distribution functions for
time to incapacitation and death calculated from the Purser equations predict
probabilities of times to untenability that are shorter than those predicted by the
Hazard 1 equation. In fact, the CDF for time to incapacitation predicted by the

Hazard 1 FED equation lies above the CDF for death predicted by the Purser
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Figure 5.12 Comparison of Time to Various Levels of P-FED
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Figure 5-13. Comparison of Time to Incapacitation Levels of
P-FED vs. H-FED

Figure 5-13 shows that there is a 0.9 probability of having 150 seconds or more

and a 0.5 probability of having 310 seconds or more before untenability based on

incapacitation is reached using the Purser FED equation. The Hazard 1

equations predict a 0.9 probability of having 180 seconds or more and a 0.5

probability of having 350 seconds or more before reaching incapacitation.
For predictions of lethality, the Purser equations predict a 0.9 probability of

having 160 seconds or more and a 0.5 probability of having 340 seconds or more

before lethal conditions are reached. The Hazard 1 equation predicts a 0.9
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probability of having 220 seconds or more and a 0.5 probability of having 400

seconds or more before lethal conditions are reached.

It is also interesting to note the differences in prediction times for the 500
individual fire scenarios modeled. Figure 5-14 shows a histogram of the time to
incapacitation predicted using the Hazard 1 FED equation and the time to

incapacitation predicted using the Purser FED equation.

200
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Figure 5-14. Histogram of Difference in Predicted Time to
Incapacitation and Death (Hazard 1 - Purser)

Figure 5-14 shows that for calculations of time to incapacitation, 79% of the time
Hazard 1 predicts a longer time to incapacitation than does the Purser equation.
Fifty-four percent of the time, this difference is greater than 2 a minute, 22% of

the time the difference is greater than one minute, and 1% of the time the
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difference in predicted times is greater than 2 minutes. For calculations of time to
lethality, 77% of the time Hazard predicts a longer time to death than does the
Purser equation. 85% of the time this difference is greater than ¥4 minute, 41% of
the time it is greater than a minute, and 1% of the time it is greater than two

minutes. Obviously, there is a need to standardize a method for calculating FED.

5.2.6 Flashover

Flashover is a phenomena which occurs when a number of interrelated criteria
reach critical values. These include an upper layer temperature of around 600°C.
Because flashover is marked by the instantaneous ignition of unburned fuel in
the room, it serves as an upper bound for tenability. The cumulative distribution

function for flashover is shown is Figure 5-15.

5.2.7 Selection of Final Design Criteria

At this step in the analysis, a probabilistic statement of performance is selected.
A performance criterion, or set of criteria is selected along with a probability, a
time, and a threshold value. Eventually, some or all of these elements should be
mandated; however, more case studies of several performance criteria are
needed before policy can be set intelligently. Figures 5-15 shows the criteria
used to represent lethality, and Figure 5-16 shows the criteria used to represent
incapacitation. Figure 5-16 also shows the time to layer decent and time to loss

of visibility for comparison purposes.
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Table 5-1. Probabilities of Time to Various Performance Criteria

Layer Height 1.0 0.9 0.7 0.5
(seconds) (seconds) (seconds) (seconds)

LH1.6m 10 20 30 40
LH0.91m 30 80 140 190

0.2 OD/m 10 10 20 30

0.5 OD/m 10 10 30 60
1500 ppm CO 30 120 240 Not achieved
3000 ppm CO 40 180 360 Not achieved
<10% O 50 130 210 280
<54% O, 50 150 250 340
P—F",E“'._D 1.0 60 150 240 310
P-FED 2.0 90 170 280 340

65 "C 10 30 50 70
100°C 10 40 70 90
Flashover 70 90 330 470

Flashover

Probability

120

180

240

Time (seconds)

Figure 5-15. Criteria for Death and Flashover
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Figure 5-16. Criteria for Incapacitation and Visibility

For this analysis we will use a 0.9 probability of having 60 seconds or more of

time to untenability (safe egress time) based on the minimum time to 0.5 P-FED

OR 65°C.

5.3 Step 7f. Evaluation of the Base Case

5.3.1. Methods of Evaluation

It is often stated and easily agreed-upon that the time available for safe egress
(time to untenability) must be greater than the time needed to evacuate the
building safely. However, there are two very different ways one might apply this

principle. a room of origin analysis and an egress path analysis. These are

defined as follows:
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Min, min or room of origin analysis: The time to untenability anywhere in the
apartment including in the room of origin of the fire must be greater than the time

needed for safe egress.

Egress path analysis: The time to untenability along the path of egress must be
greater than the time needed for safe egress. Note that in an egress path
analysis, tenability may be violated at one or more locations in the apartment,

such as the room of origin of the fire.

Very different results may be obtained from an analysis based on min.min/room
of origin than from an egress path analysis. Both types of analysis are presented
for the case study to demonstrate each technique as well as to show that
different design decisions would follow from each type of analysis. A summary of
the percent of design fire scenarios that reached several thresholds for
untenability by room is first presented. This data summarizes results for the base

case design option, no sprinklers.

5.3.2 Summary of the Runs

When evaluating the ability of occupants to egress from the apartment safely, we
must consider the conditions they will encounter inside and outside the room of
origin. Table 5-2. summarizes the results of the five-hundred simulations in terms

of the criterion of interest, the percent of scenarios that reach the tenability limits
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for that criterion {anywhere in the apartment or corridor), the range of times to
reach the tenability value and the average and median values of time to tenability

value.

Table. 5-2. Summary of Time to Untenability by Criteria

Criteria % scenarios | Range of times | Average Median
Visibility 100 10s to 230s 60s 60s
Layer height 100 10s to 450s 64s 40s
Incapacitation- 100 10s to 290s 77s 70s
temp (65C)

Incapacitation — 88 50s to 470s 300s 280s
gases (P-FED 0.5) | B

Death — temp 100 10s to 410s 106s 90s
Death (P-FED 1.0) 86 60s to 470s 290s 300s
Flashover 50 70S to 470s 290s 300s

The timeline of the median values shows that the layer descends to head level
around 40 seconds in the room of origin. Shortly after, visibility drops to an
unacceptable level. At 70 seconds, incapacitation due to temperature is reached,
and at 90 seconds lethality due to temperature is reached. Incapacitation due to
gases is reached around 280 seconds, this room reaches flashover over at 300

seconds, and lethality due to gases is reached around 315 seconds.

Table 5-2 shows that for the scenarios evaluated, visibility, layer height,
incapacitation due to temperature, and death due to temperature are always
reached somewhere in the apartment (100% of the scenarios). Concentrations

of toxic gases at levels high enough to cause incapacitation and even death are
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reached over 85% of the time. For each criterion, the range of times to reach the
design levels is quite wide. For example, the range of times to incapacitation due
to temperature is from 10 seconds to 290 seconds. The range of times to reach
incapacitation due to gases is between 50 seconds and 470 seconds for 88% of
the five hundred scenarios that reach an incapacitating level of toxic gases
somewhere in the apartment. The other 12% never reach this level. Two
hundred and forty-six of the five hundred fire scenarios caused one or more
rooms to reach flashover (based on an upper layer temperature of 600°C) in the

eight minutes of simulation time for the fires.

Figure 5-17 shows the percent of fire scenarios that reached each of the
tenability criterion in a given room. It can be seen that visibility is lost in
approximately 90% or more of the scenarios in all rooms, including the corridor.
Incapacitating temperatures are reached for over 50% of the scenarios in all
rooms and over 90% of the time in the entranceway. Toxic gas concentrations
high enough to cause incapacitation are reached only 32% of the time in the
corridor but up to 66% of the time in the entranceway. Temperatures high
enough to cause incapacitation are reached 52% of the time in the corridor and
between 67% - 73% of the time in the kitchen, balcony, and bedroom.
Incapacitating temperatures are reached around 85% of the time in the bathroom

and living room, and 92% of the time in the entranceway.
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{BFlashover BP-FED 1.0 DP-FED 0.5 B100 OC 65 0C BOD 0.5‘

Figure 5-17. Percent of Cases to Reach Tenability Criteria in
Each Room Within 480 Seconds

Temperatures and gas concentrations high enough to cause death occur most
often in the entranceway. The corridor reaches tenability values high enough to
cause death 29% - 39% of the time. The door between the corridor and the
entranceway Vis open in 30% of the scenarios, and half-open in an additional 35%
of the scenarios. Flashover occurs most often in the entranceway. This is most-
likely due to the fact that there are several doors from the entranceway to other
rooms in the apartment as well as a door to the corridor. Therefore, it is more
likely that a fire in the entranceway will be supplied the oxygen needed for

flashover.

The remainder of the analysis is based on incapacitation levels of temperature

and toxic gas combinations. For each room, a certain percentage of fire
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scenarios never reach incapacitating levels of temperature or incapacitating
levels of toxic gases. This may be due to the material burning, the fire size, the
ventilation conditions, the location of the room relative to the room of origin of the
fire, or simply to the fact that these simulations were limited to eight minutes (480
seconds). Table 5-3. gives for each room the percentages of the 500 fire
scenarios that never reach incapacitating levels of temperature or toxic gases.
Most notable is the entranceway, which only remains below incapacitating levels
of temperature and toxic gases concentrations in 8% of the fire scenarios, and
the corridor, which remains below incapacitating levels for almost half of the 500

scenarios.

Table 5-3. Percent of Fire Scenarios that
Never Reach Incapacitation by Room

Room # Scenarios Never
Untenable
. 65C/P-FEDO.5
Livingroom 15 %,
Balcony 28 %
Bedroom 26 %
Kitchen 32 %
Bathroom 15 % B
Entranceway 8 %
Corridor 47 %

5.3.3 Min,min/Room of Origin Analysis

A room of origin analysis evaluates the time to the first occurrence of untenability
anywhere in the apartment. In this case study, the conditions used to define

untenability are a temperature of 65°C or a P-FED of 0.5. The minimum time to
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either of these thresholds is taken for each room, and then the minimum across
all rooms is identified. Thus, this type of analysis may be termed a min,min
analysis. When temperature is inciuded in the tenability criteria, temperature in

the room of origin is always reached first, thus the term, room of origin analysis.

Min,min/room of origin analyses based on the first occurrence of untenable
conditions anywhere in the apartment (often the room of origin) was discussed in
detail in Section 5.2. as a function of several performance criteria and threshold
values. As a result of that analysis, a probabilistic statement of performance was
established as “a 0.9 probability of having 60 seconds or more of safe egress
time based on 0.5 P-FED OR 65°C”. A CDF of the min, min/room of origin

analysis is shown in Figure 5-18 for the base case design, with no use of

sprinklers.

Probability

w‘mg_‘_‘hé R

o T T T T L T v
0 60 120 180 2490 300 360 420 480

Time to 65°C or P-FED 0.5

Figure 5-18. CDF of Time to Untenability, Min,min Analysis
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It can be seen that for a min,min analysis, the base case design, no sprinklers is
not sufficient to provide the stated 0.9 probability of having 60 seconds or more
before untenable conditions are reached. The cumulative distribution function for
time to the first occurrence of either 65°C or P-FED of 0.5 demonstrates that
there is only a 0.7 probability of having 60 seconds or more before untenable

conditions are reached.

5.3.4 Egress Path Analysis

Egress paths from anywhere in this apartment would lead through the
entranceway and corridor. Egress from the kitchen and balcony would
additionally lead though the living room. For occupant safety, each room along

the path of egress must remain tenable for the time necessary to egress.

Table 5-4 summarizes the time to untenability in each of the rooms along the
egress path, as a function of the room of origin of the fire. Table 5-4 provides the
range of times resulting from the 500 design fire scenarios, the median of those
times, and the 25% and 75% values. Values of time to the minimum of 65°C or a
P-FED of 0.5 in the living room based on room of origin of the fire can be read

from the CDFs in Figure 5-19.

It can be seen from table 54 that at the median values, the corridor remains
tenable for the eight minutes of the simulation unless the fire starts in the

corridor, entranceway, or bathroom. The median values for the entranceway
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show that it reaches untenability during the 8-minute simulation times regardless
of where the fire starts. The living room becomes untenable for all rooms of

origin except when the fire starts in the corridor.

Table 5.4 Time to Untenability along the Path of Egress
as a Function of Room of Fire Origin

Range Time to Untenability | Time to Untenability | Time to Untenability
(Median) Living/Dining Room Entranceway Corridor
.25 75 (seconds) (seconds) (seconds)
ORIGIN 65C P-FED .5 65C PFED.5 | 65C P-FED .5
Living room 20-190 130-500 60-400 160-500 200-500 290-500
(90) (340) (120) (410) (500) (500)
80 100 {275 400 | 100 160 |325 500 |400 500 | 500 500
Balcony 40-400 120-150 50-500 130-500 150-500 230-500
(140) (390) (210) (500) (500) (500)
1100 180 | 320 500 | 150 300 |[360 500 |500 500 | 500 500
Bedroom 80-500 | 170 -500 30-500 110-500 140-500 200-500
(310) (500) (110) (380) (500) (500)
180 453 430 500 90 150 290 485 465 500 500 500
Kitchen 40-500 110-500 50-500 120-500 120-500 230-500
(120) (320) (170) (360) (500) (500)
80 150 |220 380 |120 280 |270 500 |168 430 | 500 500
Bathroom 90-150 280-500 40-220 150-500 50-500 180-500
(300) (500) (95) (360) (220) (500)
220 413 495 500 |78 130 250 435 | 168 430 | 378 500
Entranceway 60-500 160-500 10-140 50-500 110-500 260-500
(140) (460) (60) (330) (460) (500)
110 230 |[360 500 |30 70 210 410 | 280 500 | 450 500
Corridor 160-500 300-500 80 - 500 210-500 20-290 150-500
(500) (500) (300) (500) (130) (380)
363 500 |500 500 203 500 |318 500 |70 140 268 433

Note - 500=not reached within simulation fime of 480 seconds (8 minutes)
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Figure 5-19. Time to Untenability (65 0C or P-FED 0.5) in the Livingroom by Room of Origin
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Figure 5-21. Time to Untenability (65 0C or P-FED 0.5) in the Corridor by Room of Origin
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Figures 5-20 and 5-21 provide the same information for the entranceway and
corridor respectively. These presentations are useful in establishing probabilistic

statements of performance specific to rooms along the egress path.

Example paths of egress evaluated are from the balcony though the living room
and entranceway to the corridor. The path from the balcony is interesting
because it is the longest path out of the apartment and also because occupants
originally in another room when may go to the baicony to look out or as an
seemingly safe place to wait. The second path of egress evaluated is from the
bedroom through the entranceway to the corridor. This path is intrestering
because of the fact that occupants in the bedroom may be sleeping and thus

experience a delay in their reaction times.

Figure 5-22 shows a plot of all five hundred fire scenarios. The x-coordinate of
each point is the time to untenability on the balcony based on the minimum of
65°C or 0.5 P-FED. The y-coordinate for each point is the minimum time to
untenability based on 65°C or 0.5 P-FED anywhere along the egress path, i.e., in
the livingroom, entranceway, or corridor. For 89% of the scenarios, untenability is
reached somewhere on the egress path before the balcony becomes untenable.
This leads to a potential trapped situation in which by the time an occupant on
the balcony begins to be affected by the smoke and heat the balcony is already

untenable somewhere along his/her path of egress. For the bedroom, a similar
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Figure 5-22. Potential Traps
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analysis of potential traps was conducted using the same performance criteria,
and 87% of the scenarios became untenable somewhere along the egress path

before becoming untenable on the bedroom.

Figures 5-23 to 5-25 show the time to untenability in the bedroom or balcony
graphed vs. time to untenability on the egress path. Figure 5-23 represents
egress from the bedroom and shows that without automatic fire sprinklers, only
2.4% of the fire scenarios remain tenable in the bedroom and along the path of
egress for the entire 8-minute simulation. In 89.8% of the scenarios, both the
bedroom and conditions along the path of egress from the bedroom remain
tenable for at least one minute, 48.6% of the scenarios remain tenable for at
least 2 minutes; 16% of the 500 scenarios remain tenable for at least 4 minutes;

and 4.0% of the scenarios remain tenable for at least 6 minutes.

Figure 5-24 shows the time to untenability in the bedroom vs. time to untenability
on the egress path. Similar findings to those of the egress path from the
bedrooni are shown. In 84.2% of the fire scenarios, there is at least one minute
of safe egress time on the balcony and along the egress path. For 30.2% of the
scenarios, there are at least 120 seconds of safe egress time; for 4% of the
scenarios there are at least 4 minutes; and for less than 1% of the scenarios is

there greater than 6 minutes.
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Figure 5-25 shows how the percent of fire scenarios providing at least one
minute and up to 8 minutes of time to untenability on the balcony and along the
path of egrss from the balcony changes if visibility is included as one cof the
tenability criteria. Comparing Figure 5-25 that includes obscuration to Figure 5-
24 that does not, we see that the percent of fire scenarios providing at least a
minute of safe egress time is 84.2% with out consideration of visibility and 62.8%
with consideration of obscuration. Or, conversely, the number of scenarios less
than a minute of safe egress time from the balcony rises from 15.8% to 32.2%
with consideration of obscuration. We did not consider obscuration a tenability
criteria here because of the familiarity of the occupants with their own

apartments.
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Figure 5-23. Time to Untenability (65 0C or 0.5 P-FED)Bedroom and Egress Path, No Sprinklers
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5.4 Step 7g. Determine Effect of Each Candidate Design on
Each of the Scenarios

The analysis presented for Design 1, no fire sprinklers represents the base case
design. Figure 5-24. shows this analysis. With no installed sprinklers, 89% of the
scenarios become untenable somewhere along the path of egress before
becoming untenable on the balcony. This leads to a potential trapped situation in
which the occupant who may be on or go to the balcony has a false sense of the
conditions developing in the living room, entranceway, or corridor. Also for this
base case, 84.2% of the scenarios provide 60 seconds or more of time to
untenability on the balcony as well as in all rooms along the path of egress. This
means that 15.8% of the scenarios provide less than 60 seconds of safe egress
time. For the base case of no sprinklers, less than 0.5% remain tenable for the 8

minutes of simulation time.

If automatic fire sprinklers are installed in the corridor only, the percent of
scenarios that provide greater than 60 seconds of safe egress time goes up only
slightly, from 84.2% to 856% as seen in Figure 5-26..The percent of fire
scenarios becoming untenable somewhere along the egress path before

becoming untenable on the balcony falls from 89% to 68%.
If automatic fire sprinklers are installed in the entranceway and corridor, the

percent of fire scenarios that become untenable in less than one minute goes

down to 9%. For 91% of the scenarios, the balcony and each room along the
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path of egress remain tenable (less than 65°C or 0.5 P-FED) for at least one

minute. This can be seen in Figure 5-27.

Results of the percent of scenarios providing at least one, two, four, six, or more

minutes are summarized in Table 5-5 for egress from the balcony.

Table 5-5. Time to Untenability/Safe Egress from Balcony

SAFE TIME ON NO SPRINKLERS SPRINKLERS
BALCONY AND SPRINKLERS CORRIDOR ENTRANCEWAY AND
ON EGRESS CORRIDOR
PATH
<60s 15.8% 14.4% 9.0%
>=60s - 842% 85.6% 91.0%
>=120 30.2% 39.2% \ 61.0%
>=240s 4.0% 21.0% " 43.4%
>=360 0.6% 19.0% 36.4%
>=480 0.4% 18.8% 32.8%
% possible 89.0% 67.8% 53.8%
traps

However, it is unknown where each occupant will be when he/she is alerted of a
fire condition. Also, because occupants may not commence egress immediately,
a full egress analysis must account for the time available for safe egress from
each of the rooms in the apartment and along the path of egress. The method of

analysis demonstrated above for the path of egress from the balcony was
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repeated for the bedroom, kitchen, and bathroom. Because the analysis for each
of these rooms evaluates the minimum time to untenability in either of these
rooms combined with the minimum time to untenability anywhere on the egress

path, the living room, entranceway and corridor are subsets of these.

Figure 5-28 shows the cumulative distribution functions for egress from the
balcony, bedroom, kitchen, and bathroom for the base case design of no
sprinklers. Figures 5-28 and 5-30 show the cumulative distribution functions for
egress from these rooms for Design 2, sprinklers in the corridor only; and Design
3, sprinklers in the corridor